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ABSTRACT
T h is  w ork  i s  w r i t t e n  i n  an  e f f o r t  t o  i l l u s t r a t e  some o f  th e  
p rob lem s  in v o lv e d  in  t h e  d e s ig n  o f  c o n t r o l  sy s te m s  f o r  c h e m ic a l  
p r o c e s s e s  and t o  p r e s e n t  a p p ro a c h e s  t h a t  c an  be  t a k e n  to  overcom e 
t h e s e  p ro b le m s .  A d a p t iv e  c o n t r o l ,  n o n l i n e a r  c o n t r o l ,  o p t im a l  c o n t r o l ,  
d i r e c t  d i g i t a l  c o n t r o l ,  and m u l t i v a r i a b l e  c o n t r o l  a r e  d i s c u s s e d  
w i t h  th e  em phasis  on a p p l y i n g  them t o  t y p i c a l  c h e m ic a l  p r o c e s s e s .
An a p p ro a c h  to  t h e  i d e n t i f i c a t i o n  o f  t h e  p r o c e s s  i s  p r e s e n t e d  
f i r s t .  The method o f  i n v e r s e  s e n s i t i v i t y  i s  a p p l i e d  t o  a  c h e m ic a l  
r e a c t o r  p r o c e s s ,  d e t e r m in in g  th e  p a r a m e te r s  f o r  a  g e n e r a l  second  
o r d e r  m odel. W ith  t h e  s e n s i t i v i t y  c o e f f i c i e n t s  c o n t i n u o u s l y  
u p d a t in g  o r  a d a p t i n g  th e  m odel,  i t  was found t h a t  o p t im a l  c o n t r o l  
o r  o t h e r  ad v an ced  c o n t r o l  s t r a t e g i e s  c o u ld  be  a p p l i e d  t o  t h e  
p r o c e s s  t o  p ro d u c e  n e a r  o p t im a l  r e s p o n s e s .  S p e c i f i c a l l y ,  t h e  
t h r e e  c o n t r o l  s t r a t e g i e s  im plem ented  w ere  th e  c o n v e n t io n a l  P I  
c o n t r o l l e r ,  th e  Kalman a l g o r i t h m  w hich  i s  a  s a m p le d - d a ta  t e c h ­
n iq u e ,  and th e  o p t im a l  s w i tc h in g  t im e s  a s  d e te rm in e d  from  o p t im a l  
c o n t r o l  t h e o r y .  The r e s p o n s e s  f o r  t h e  c h e m ic a l  r e a c t o r  due to  
s e t  p o i n t  ch an g es  w ere  compared f o r  e a c h  o f  t h e s e  c o n t r o l  m e thods .
E x te n d in g  th e  c o n t r o l  a s p e c t s  o f  t h e  w ork , t u n i n g  p a r a m e te r s  
w ere  th e n  d e te rm in e d  by a p p l y in g  o p t im a l  c o n t r o l  t h e o r y .  The
c o n t r o l l e r  s e t t i n g s  f o r  a  c o n v e n t i o n a l  PID a n a l o g  c o n t r o l l e r  a r e  
o b ta in e d  from  a  f i r s t  o r d e r  l a g  p l u s  dead  t im e  model and an  o p t im a l  
c o n t r o l  a p p ro a c h .  The model e q u a t io n s  w ere  t r a n s f o r m e d  i n t o  a  
s t a t e  s p a c e  c o n f i g u r a t i o n  and  th e  c o e f f i c i e n t s  f o r  th e  f e e d b a c k  
c o n t r o l  law  d e te rm in e d  from  t h e  l i n e a r  r e g u l a t o r  p ro b le m . The 
c o n t r o l l e r  c o n s t a n t s  w ere  found  f o r  v a l u e s  o f  t h e  model g a i n ,  t im e  
c o n s t a n t ,  and  dead t im e  and  a l s o  f o r  t h e  c o n t r o l  w e ig h t in g  f a c t o r  
p in  th e  c o s t  f u n c t i o n .  The c o n t r o l l e r  c o n s t a n t s  w ere  t e s t e d  on 
a  c h e m ic a l  r e a c t o r  p r o c e s s  and p ro v ed  t o  y i e l d  d e s i r a b l e  r e s p o n s e s  
f o r  b o th  lo a d  and s e t  p o i n t  c h a n g e s .  A s i m i l a r  a l g o r i t h m  w hich  
u s e s  th e  f e e d b a c k  v a r i a b l e  i n s t e a d  o f  t h e  e r r o r  s i g n a l  was a l s o  
im plem ented  a lo n g  w i th  a  s a m p le d - d a ta  a p p r o a c h .  F o r  th e  r e a c t o r  
s y s te m ,  th e  r e s p o n s e s  o f  t h o s e  two s t r a t e g i e s  w ere  com pared to  
t h o s e  o f  th e  PID c o n t r o l l e r .
To be a p p l i c a b l e  t o  c h e m ic a l  p r o c e s s e s ,  t h e  m u l t i v a r i a b l e  
n a t u r e  o f  t h e  p r o c e s s  m ust be  c o n s id e r e d  i n  d e s i g n i n g  th e  c o n t r o l  
sy s te m .  The p r o p e r  p a i r i n g  o f  c o n t r o l l e d  and m a n ip u la te d  v a r i ­
a b l e s  i s  d i s c u s s e d  and  d e te rm in e d  by means o f  t h e  r e l a t i v e  p r o c e s s  
g a i n  m a t r i x .  I n  o r d e r  t o  i n v e s t i g a t e  t h e  v a r i a b l e  p a i r i n g  o f  an  
a b s o r b e r - s t r i p p e r  p r o c e s s ,  CHESS, a  c h e m ic a l  p r o c e s s  s i m u l a t i o n  
p ro g ram , i s  u t i l i z e d  t o  f i n d  t h e  s t e a d y  s t a t e  g a i n  m a t r i x .  From 
t h i s  m a t r ix  th e  r e l a t i v e  g a in  m a t r i x  i s  c a l c u l a t e d  and th e  e f f e c t s  
o f  v a r i a b l e  p a i r i n g s  o b s e rv e d .  F i n a l l y ,  th e  dynam ic c a s e  i s  i n v e s ­
t i g a t e d  by means o f  a  t h e o r e t i c a l  m odel. Advanced c o n t r o l  c o n c e p ts  
s u c h  a s  a  s t e a d y  s t a t e  d e c o u p le r  and t u n i n g  c o m p e n sa t io n  f o r  i n t e r ­
a c t i n g  lo o p s  w ere  found t o  p ro d u c e  u n s a t i s f a c t o r y  r e s p o n s e s .  Only
x
th e  dynam ic d e c o u p le r  com pensa ted  f o r  v a r i a b l e  i n t e r a c t i o n  and 
e n a b le d  t h e  t u n i n g  o f  c o n t r o l l e r s  f o r  m u l t i v a r i a b l e  p r o c e s s e s  
by t u n i n g  each  lo o p  s e p a r a t e l y .
C h a p te r  I  
INTRODUCTION
Advances in  c o n t r o l  th e o ry  have  p r o g r e s s e d  s i g n i f i c a n t l y  
d u r in g  th e  l a s t  t h r e e  d e c a d e s .  T hese  ad v a n c e s  have  been  
b r o u g h t  a b o u t  p r i m a r i l y  by th e  g row ing  i n t e r e s t  i n  a i r c r a f t ,  
m i s s i l e  and s p a c e c r a f t  g u id a n c e  s y s te m s .  A ls o ,  t h e  a d v e n t  o f  
t h e  h ig h  sp eed  d i g i t a l  com pute r  h as  made p o s s i b l e  th e  com plex 
o r  l e n g th y  c a l c u l a t i o n s  and th e  s t o r a g e  o f  l a r g e  d a t a  banks 
n e c e s s a r y  f o r  t h e  s o l u t i o n  o f  c o n t r o l  p ro b le m s .  T h u s ,  i t  was 
n a t u r a l  f o r  th o s e  i n  t h e  c h e m ic a l  p r o c e s s  i n d u s t r i e s  t o  t r y  
to  a p p ly  t h e s e  c o n c e p ts  d ev e lo p ed  i n  th e  f i e l d  o f  c o n t r o l  to  
t h e i r  sy s tem s  i n  o r d e r  t o  maximize t h e i r  p r o f i t s  o r  t o  m in im ize  
t h e i r  e x p e n d i t u r e s .  However, s e v e r a l  d raw backs  o r  l i m i t a t i o n s  
p r o h i b i t e d  th e  d i r e c t  a p p l i c a t i o n  o f  advanced  c o n t r o l  t e c h n iq u e s  
t o  th e  p r o c e s s  i n d u s t r i e s .  F i r s t ,  m os t o f  t h e  p r o c e s s  sy s te m s  
a r e  l a r g e ,  b u lk y  and s low  in  r e a c t i n g  t o  i n p u t s .  T h is  i s  c au sed  
by t h e i r  l a r g e  c a p a c i t i e s  and th r o u g h p u t s  w h ich  p o s s e s s  l a r g e  
dead t im es  and t im e  c o n s t a n t s .  A n o th e r  r e a s o n  f o r  t h e  l a g  in  
c o n t r o l  a p p l i c a t i o n s  i s  t h a t  most c h e m ic a l  p r o c e s s e s  a r e  q u i t e  
com plex and v e r y  d i f f i c u l t  t o  m odel. T h is  i n a b i l i t y  t o  p r e d i c t  
o r  d e s c r i b e  th e  b e h a v io r  o f  th e  p r o c e s s  i s  i n  f a c t ,  t h e  most
1
s i g n i f i c a n t  r e s t r i c t i o n  o f  t h e  a p p l i c a t i o n  o f  modern c o n t r o l  
t e c h n i q u e s .  The r e s u l t  i s  t h a t  a p p r o x im a t io n s  m ust be  made and 
s p e c i a l  t e c h n iq u e s  m ust be  a p p l i e d  i n  o r d e r  t o  t r a n s f o r m  a 
p r o c e s s  i n t o  a  sy s te m  i n  w h ich  t h e s e  ad v an c ed  c o n c e p t s  c a n  be 
a p p l i e d .  T h is  w i l l  be  t h e  g o a l  o f  t h i s  t h e s i s :  t o  p r e s e n t
m ethods w h ich  w i l l  a l lo w  some o f  t h e  new d e v e lo p m e n ts  i n  th e  
f i e l d  o f  c o n t r o l  t o  be  a p p l i e d  t o  p r o c e s s e s  i n  t h e  c h e m ic a l  
i n d u s t r i e s .
Some o f  th e  r e c e n t  a c h ie v e m e n ts  i n  c o n t r o l  s t r a t e g i e s  have  
b e e n  made i n  a d a p t i v e  c o n t r o l ,  n o n l i n e a r  c o n t r o l ,  optimum c o n t r o l ,  
d i r e c t  d i g i t a l  c o n t r o l ,  and m u l t i v a r i a b l e  c o n t r o l .  A l l  o f  th e  
above  w i l l  be  d i s c u s s e d  i n  t h e  f o l l o w i n g  c h a p t e r s  a lo n g  w i th  
t e s t  c a s e s  i n  w hich  some form  o f  each  w i l l  be u sed  t o  c o n t r o l  a 
t y p i c a l  c h e m ic a l  p r o c e s s .  The em phasis  w i l l  be on th e  a p p l i c a t i o n  
o f  th e  p a r t i c u l a r  t e c h n iq u e  i n  o r d e r  t o  d e s i g n  a  " c o n t r o l l a b l e "  
s y s te m .
C h a p te r  I I  d e a l s  w i th  t h e  p ro b le m  o f  i d e n t i f i c a t i o n ;  
t h a t  i s ,  f i t t i n g  a p a r t i c u l a r  model t o  a  p r o c e s s .  I n  th e  c a s e  
d i s c u s s e d  s e n s i t i v i t y  c o e f f i c i e n t s  a r e  u s e d  t o  d e t e r m in e  th e  
p a r a m e te r s  f o r  a  g e n e r a l  second  o r d e r  m o d e l .  The t e c h n iq u e s  
u p d a te  t h e  model a t  s p e c i f i e d  i n t e r v a l s ,  i n s u r i n g  t h a t  t h e  model 
h a s  c u r r e n t  p a r a m e te r s  a t  new o p e r a t i n g  l e v e l s .  T h e r e f o r e ,  any 
c o n t r o l  scheme b a s e d  on t h i s  p r o c e s s  model w i l l  becom e, by 
d e f i n i t i o n ,  a n  a d a p t i v e  c o n t r o l l e r .  From t h e  m odel p a r a m e t e r s ,
t h r e e  c o n t r o l  s t r a t e g i e s  w e re  im plem en ted  i n  o r d e r  t o  d e te rm in e  
w h e th e r  t h e  a d a p t i v e  s y s te m  w ould  y i e l d  s a t i s f a c t o r y  c o n t r o l .
A c o n v e n t io n a l  P I  c o n t r o l l e r  w h ich  was tu n e d  o p t i m a l l y  was 
a p p l i e d  t o  th e  t e s t  c a s e  and  th e  r e s p o n s e s  w ere  u se d  a s  a  b a s i s  
f o r  c o m p a r iso n .  An o p t im a l  c o n t r o l  scheme d e te rm in e d  the^ 
s w i tc h in g  t im e s  from  a  minimum t im e  f o r m u l a t i o n  and th e  model 
p a r a m e t e r s .  F i n a l l y ,  a  c o n t r o l  a l g o r i t h m  p r e s e n t e d  by  Kalman 
and  d e s ig n e d  t o  d r i v e  t h e  s y s te m  t o  a  new s e t p o i n t  i n  two 
sa m p lin g  t im e s  was i n c o r p o r a t e d  i n t o  t h e  s y s te m .  The a l g o r i t h m  
had t o  b e  m o d i f ie d  somewhat due  t o  t h e  l i m i t s  im posed  on th e  
m a n ip u la te d  v a r i a b l e .  From th e  r e s p o n s e s  r e s u l t i n g  from  th e s e  
t h r e e  c o n t r o l  c o n f i g u r a t i o n s ,  t h e  j u s t i f i c a t i o n  f o r  t h i s  ty p e  o f  
model r e f e r e n c e  a d a p t i v e  c o n t r o l  s t r a t e g y  w i l l  b e  d e te r m in e d .
W ith  th e  a v a i l a b i l i t y  o f  a  scheme by  w h ich  model p a r a m e te r s  
c a n  be  u p d a t e d ,  a  n a t u r a l  q u e s t i o n  t o  a s k  i s  why c a n ' t  o p t im a l  
c o n t r o l  th e o r y  be  u se d  t o  tu n e  a  c o n v e n t i o n a l  c o n t r o l  a l g o r i t h m  . 
opposed  t o  t h e  t h r e e  a p p ro a c h e s  u sed  i n  C h a p te r  I I  t o  d e s i g n  th e  
a l g o r i t h m .  I n  C h a p te r  I I I  o p t im a l  c o n t r o l  t h e o r y  i s  employed 
t o  f i n d  t u n i n g  r e l a t i o n s h i p s  f o r  a  c o n v e n t i o n a l  PID a n a lo g  
c o n t r o l l e r .  S t a r t i n g  w i t h  a  f i r s t  o r d e r  l a g  p lu s  dead  tim e  
m ode l,  t h e  dead  tim e  te rm  i s  e l i m i n a t e d  by  means o f  a  P a d e 1 
a p p r o x im a t io n .  The model i s  th e n  w r i t t e n  a s  a  l i n e a r  s t a t e  
e q u a t i o n  and  th ro u g h  a  f o r m u l a t i o n  p ro p o se d  by  J o h n s o n ,  s t a t e  
r e g u l a t o r  th e o r y  w i l l  y i e l d  s e t t i n g s  f o r  a  PID c o n t r o l l e r .  The
a p p ro a c h  s h o u ld  r e s u l t  i n  a  t u n in g  t e c h n iq u e  b a s e d  on a  p e r ­
form ance s p e c i f i c a t i o n  t h a t  c o n t a i n s  a  p a r a m e te r  t h a t  t h e  u s e r  
can  v a r y  t o  " t i g h t e n  u p "  o r  " lo o s e n "  t h e  c o n t r o l l e r  s e t t i n g s .
T h is  c h a p t e r  c o n s i d e r s  b o th  s e t  p o i n t  and lo a d  c o n t r o l  p rob lem s 
and e x te n d s  t h e  r e s u l t s  t o  d i s c r e t e  s y s te m s .
I n  C h a p te r s  I I  and I I I  o f  t h i s  d i s s e r t a t i o n ,  t h e  c o n t r o l  
lo o p s  have  b e e n  t r e a t e d  a s  i f  eac h  w ere  " s t a n d - a l o n e " ,  i . e . ,  
n o t  i n f l u e n c e d  by  c o n t r o l  a c t i o n s  t a k e n  i n  o t h e r  l o o p s .  C hem ical 
p r o c e s s e s  r a r e l y  e x h i b i t  t h i s  c h a r a c t e r i s t i c .  W henever two o r  
more c o n t r o l  lo o p s  a r e  p la c e d  on a  s i n g l e  u n i t ,  t h e  lo o p s  a r e  
c o u p le d  th ro u g h  th e  p r o c e s s  i t s e l f .  To be  a b l e  t o  s u c c e s s f u l l y  
u t i l i z e  t h e  t e c h n iq u e s  p r e s e n t e d  i n  th e  p r e v io u s  c h a p t e r s ,  a s  
w e l l  a s  i n  m os t a r t i c l e s  t h a t  hav e  a p p e a re d  i n  t h e  l i t e r a t u r e ,  
a n  a p p ro a c h  m ust be  u se d  by w h ich  t h i s  i n t e r a c t i o n  a s  w e l l  a s  
t h e  i n d i v i d u a l  lo o p  c h a r a c t e r i s t i c s  can  b e  c o n s id e r e d  i n  d e s ig n i n g  
t h e  o v e r a l l  c o n t r o l  sy s te m .
C h a p te r  IV d e a l s  w i th  t h e  p ro b lem  o f  m u l t i v a r i a b l e  c o n t r o l .  
The f i r s t  p ro b lem  c o n s id e r e d  i s  t h e  p r o p e r  p a i r i n g  o f  c o n t r o l l e d  
and  m a n ip u la te d  v a r i a b l e s . T h is  i s  a c c o m p lish e d  th ro u g h  th e  
u s e  o f  th e  r e l a t i v e  p r o c e s s  g a i n  m a t r ix  w hich  i s  c a l c u l a t e d  
from  th e  s t e a d y  s t a t e  open lo o p  g a i n s .  T h is  c h a p t e r  e x p l a i n s  
how a  l a r g e  s i m u l a t i o n  p rogram  can  be  u s e f u l  i n  t h e s e  i n i t i a l  
s t a g e s  o f  c o n t r o l l e r  d e s i g n .  CHESS, a  C hem ica l E n g in e e r in g  
P r o c e s s  S im u la to r  i s  u se d  t o  i l l u s t r a t e  t h e  t e c h n iq u e  f o r  an
a b s o r b e r - s t r i p p e r  p r o c e s s .  Some dynam ic c o n s i d e r a t i o n s  f o r  
m u l t i v a r i a b l e  c o n t r o l  a r e  i n v e s t i g a t e d  by  means o f  a  g e n e r a l  
i n t e r a c t i n g  model c o n s i s t i n g  o f  two i n p u t s  and  two o u t p u t s .
T h is  model i s  f i r s t  c o n t r o l l e d  w i t h  a  c o n v e n t i o n a l  P I  c o n t r o l l e r .
An e f f o r t  i s  made t o  r e d u c e  th e  s y s te m  t o  two n o n - i n t e r a c t i n g  lo o p s  
by i n s e r t i n g  i n t o  t h e  c o n f i g u r a t i o n  f i r s t ,  a  s t e a d y  s t a t e  
d e c o u p l e r ,  t h e n ,  a  dynam ic d e c o u p l e r .  P r o c e s s  r e s p o n s e s  
f o r  t h e s e  sy s tem s  a r e  th e n  com pared and  th e  e f f e c t s  o f  e a c h  a r e  
d i s c u s s e d .  F i n a l l y ,  advanced  t u n i n g  t e c h n iq u e s  f o r  i n t e r a c t i n g  
lo o p s  a r e  a p p l i e d  t o  t h e  t e s t  m odel.
Chapter I I
APPROXIMATE OPTIMAL CONTROL USING SENSITIVITY COEFFICIENTS
The a p p l i c a t i o n  o f  o p t im a l  c o n t r o l  t h e o r y  t o  a c t u a l  c h e m ic a l  
p r o c e s s e s  have b e e n  b a s e d  on a p p r o x im a te ,  low o r d e r ,  l i n e a r  
m a th e m a t ic a l  m odels  r a t h e r  th a n  t h e  t r u e  p r o c e s s  m o d e l ,  w h ich  i s  
f r e q u e n t l y  unknown. The model m ust b e  s o p h i s t i c a t e d  enough t o  
f i t  t h e  p r o c e s s  w e l l ,  y e t  s im p le  enough so  t h a t  i t s  p a r a m e te r s  
c a n  b e  e v a l u a t e d  w i t h o u t  a n  e x c e s s i v e  c o m p u ta t io n a l  e f f o r t .  T h is  
c h a p t e r  d e s c r i b e s  a  model r e f e r e n c e  a d a p t i v e  c o n t r o l  s t r a t e g y  
u s in g  s e n s i t i v i t y  c o e f f i c i e n t s  t o  u p d a te  t h e  model and o p t im a l  
c o n t r o l  th e o r y  t o  d e t e r m in e  t h e  c o n t r o l  s t r a t e g y ,  w h ich  i s  a p p l i e d  
t o  a  s t i r r e d  c h e m ic a l  r e a c t o r .
The d i s c u s s i o n  w i l l  b e g i n  w i t h  a  r e v ie w  o f  s e n s i t i v i t y  
c o e f f i c i e n t s .
S e n s i t i v i t y  C o e f f i c i e n t s
S e n s i t i v i t y  o r  i n f l u e n c e  c o e f f i c i e n t s  a r e  d e f in e d  a s  ( 1 , 2 , 3 )
= b c /b q i  ( 2 . 1 )
w here  n, i s  t h e  s e n s i t i v i t y  c o e f f i c i e n t  
%
i s  t h e  sy s te m  o u tp u t
q.  ^ i s  t h e  p a r a m e te r  o f  t h e  sy s te m
The g e n e r a l  e q u a t i o n  f o r  a  s eco n d  o r d e r  s y s te m  i s
7*c*+ Ac +  Be -  K f ( t )  ( 2 .2 )
w here  A, B, and K a r e  n o n - i n t e r a c t i n g  sy s te m  p a r a m e te r s  and c and
*c a r e  th e  f i r s t  and second  d e r i v a t i v e s  o f  th e  sy s te m  o u t p u t .
I f  t h e  p a r t i a l  d e r i v a t i v e s  w i t h  r e s p e c t  t o  A , B, and  K a r e  t a k e n ,
th e  f o l l o w i n g  s y s te m  o f  e q u a t i o n s  i s  o b t a in e d :
» ( S )  + S  (AS) <2-3a>o t
SB ^ 2 )  + SB S t )  + SB f B c)  SB ( K f(t))  ( 2 -3b)
« (^) + i(Ah) + st(B<=)' « (Kf(t>) (2-3c>
S in c e  o n ly  c i s  a  f u n c t i o n  o f  t h e  t h r e e  p a r a m e t e r s ,  t h e  o r d e r  
o f  d i f f e r e n t i a t i o n  can  b e  changed  and  th e  e q u a t io n s  can  be  
s i m p l i f i e d  t o :
s i
S t2
s i
St2
s i
St2
(S)+Asi (te)+s +B(&>° <2-A>
( s t  y  a s  ( s ) + b C » V c = o  <2-4b)
( S ) +AS  ( i ) +B ( « )  =£(t) ( 2 - 4 c )
The t h r e e  s e n s i t i v i t y  c o e f f i c i e n t s  a r e  d e f i n e d  a s :
|j,A = bc/&A (2.5a)
jig = bc/bB (2.5b)
| j l  £  = bc/bK (2 .5c)
Thus th e  f o l l o w i n g  t h r e e  d i f f e r e n t i a l  e q u a t i o n s  a r e  o b ta in e d :
l-i a + A|j-A + c + B|Ja  = 0 (2 .6a)
M- B +  A|j,B +  Bm-b +  c = 0  ( 2 . 6 b)
M-K +AM'k + B|J,K = (2 .6c)
The i n i t i a l  c o n d i t i o n s  f o r  t h e s e  s e c o n d - o r d e r  d i f f e r e n t i a l  
e q u a t io n s  m ust be
V> ±(0) = 0 (2 .7a)
p, 4 (0) = 0 (2.7b)
b e c a u s e  a t  t  = 0  t h e r e  i s  no  i n f o r m a t i o n  a v a i l a b l e  a b o u t  th e  
e f f e c t  o f  t h e  s y s te m  o u t p u t  due  t o  p a r a m e te r  c h a n g e s .  T h u s ,  o n ly
a f t e r  t h e  s y s te m  r e s p o n d s  t o  a  s y s te m  i n p u t  c a n  s e n s i t i v i t y  
i n f o r m a t io n  b e  g e n e r a t e d .  N o t ic e  from  th e  s e n s i t i v i t y  e q u a t io n s  
t h a t  i f  t h e  s y s te m  o u t p u t ,  i t s  d e r i v a t i v e ,  and th e  f o r c i n g  f u n c t i o n  
a r e  z e r o ,  no c o e f f i c i e n t s  c a n  b e  o b t a i n e d .  I n  o t h e r  w o rd s ,  
a  f o r c i n g  f u n c t i o n  m ust b e  p r e s e n t  t o  o b t a i n  t h e  e f f e c t  o f  p a r a ­
m e te r  K and a  s y s te m  t h a t  i s  n o t  a t  e q u i l i b r i u m  (c t4 0) i s  needed  
t o  d e t e r m in e  t h e  e f f e c t s  o f  A and  B. T hese  two c o n d i t i o n s  a r e  
a p p a r e n t  from  t h e  d e f i n i t i o n s  o f  th e  s e n s i t i v i t y  c o e f f i c i e n t s .
The t h r e e  a u x i l i a r y  o r  s l a v e  e q u a t i o n s  ( 2 .6 )  c a n  b e  s o lv e d  
s i m u l t a n e o u s l y  w i t h  t h e  m odel e q u a t i o n  ( 2 . 2 ) t o  o b t a i n  th e  t h r e e  
s e n s i t i v i t y  c o e f f i c i e n t s .  A number o f  m ethods hav e  b e e n  p ro p o se d  
u s i n g  t h e s e  c o e f f i c i e n t s  f o r  p a r a m e te r  i d e n t i f i c a t i o n .
W atson  ( 8 ) i n  h i s  p a p e r  on s e n s i t i v i t y  f u n c t i o n s  i n  a d a p t i v e  
c o n t r o l  sy s te m s  u s e s  t h e  c o e f f i c i e n t s  i n  a n  o p t im a l  c o n t r o l  
f o r m u la t io n *  He a d j o i n s  t h e  s e n s i t i v i t y  te rm  t o  h i s  c o s t  f u n c t i o n  
and m in im izes  a t  t  = t ^ ,  r e s u l t i n g  i n  a  f i x e d  t e r m i n a l  p o i n t  
p ro b le m .  W atson  th e n  m in im iz e s  t h e  c r i t e r i o n  f u n c t i o n  w i t h  an  
o p t i m i z a t i o n  p ro g ra m  ( g r a d i e n t  a c c e l e r a t i o n  t e c h n iq u e )  d e t e r m in in g  
t h e  c o n t r o l  la w .  He a l s o  t r e a t s  t h e  i d e n t i f i c a t i o n  p ro b lem  w i th  
s e n s i t i v i t y  c o e f f i c i e n t s  " a d a p t i n g "  th e  s y s te m  model b u t ,  i n  
t h i s  p ro b le m  t o o ,  an  o p t i m i z a t i o n  te c h n iq u e  i s  u se d  t o  m in im ize  
t h e  c o s t  f u n c t i o n  d i r e c t l y .
Tomovic (7 )  p r o p o s e s  a  m ethod o f  i n v e r s e  s e n s i t i v i t y  w h ich  
i s  u s e d  t o  s o l v e  t h e  s y s te m  i n  F ig u r e  2 . 1 .
c ( t )
x ( t ) AC
-  A
c ( t ,A ,B ,K )
Unknown
System
Model
P a ra m e te r
C om puta tion
F i g u r e  2 . 1 .  P h y s i c a l  c o n f i g u r a t i o n  f o r  m ethod o f  i n v e r s e  
s e n s i t i v i t y .
A commonly u s e d  c r i t e r i o n  o r  c o s t  f u n c t i o n  i s  t h e  i n t e g r a l  
o f  th e  s q u a r e  o f  t h e  e r r o r  (ISE) w h ich  i s  g iv e n  by
T
w here  AC i s  t h e  d i f f e r e n c e  b e tw ee n  t h e  s y s te m  and model o u t p u t s ,  
t h a t  i s ,  c ( t )  and  A c ( t ,A ,B ,K ) .  O f te n  i n  o p t i m i z a t i o n  a  c o n s t r a i n t  
i s  added  o r  a d j o i n e d  d i r e c t l y  t o  t h e  p r im a ry  c o s t  f u n c t i o n .  I n  
th e  p ro b le m  c o n s i d e r e d  h e r e  i t  i s  d e s i r e d  t h a t  t h e  p a ra m e te r  
changes  AAS AB, and  AK w i l l  become z e r o .  T h e r e f o r e ,  from  a  l i n e a r  
e x p a n s io n  o f  t h e  p e r t u r b a t i o n  o f  AC, th e  change in  o u tp u t  due to  
changes  i n  t h e  s y s te m  p a r a m e te r s  may b e  d e f i n e d  a s  AC  ^ and  g iv e n
w here  N e q u a l s  t h e  number o f  p a r a m e te r s  t o  b e  d e t e r m in e d .  The new 
c o s t  f u n c t i o n  t o  b e  m in im ized  i s  t h e n  g iv e n  by
I t  i s  s e e n  t h a t  b c /b q ^  a r e  j u s t  t h e  s e n s i t i v i t y  c o e f f i c i e n t s
c r i t e r i o n  f u n c t i o n  i s  t o  be  m in im iz e d ,  i t s  d e r i v a t i v e  i s  t a k e n  
w i th  r e s p e c t  t o  t h e  p a r a m e te r  ch an g e s  t o  be  d e te rm in e d  and  th e
0
(2 . 8)
(2 .9 )
(2 . 10)
and Aq.  ^ a r e  t h e  ch a n g e s  o f  t h e  s y s te m  p a r a m e t e r s .  S in c e  th e
r e s u l t  s e t  e q u a l  t o  z e r o .  F o r  t h r e e  p a r a m e t e r s ,  t h r e e  a l g e b r a i c  
e q u a t io n s  a r e  o b t a i n e d  w i th  t h r e e  unknowns and  can  b e  s o lv e d  f o r  
th e  p a r a m e te r  in c r e m e n t s  t h a t  w ould  m in im ize  th e  c o s t  f u n c t i o n .
The r e s u l t i n g  e q u a t i o n s  a r e :
r T
^  +  ^  +  AK + "lJ'AAc]  d t  = °  ( 2 .1 1 a )
o J  T K ^ A  M  +  ^  +  +  ^BACJ  d t  = °  (2 .1 1 b )
o I  t ^ A ^  +  ^ B  ^  + ^  + ^KAc]  d t = 0 ( 2 .1 1 c )
The p a r a m e te r s  a r e  assum ed t o  b e  c o n s t a n t ,  a l l o w in g  AA, AB, and 
AK t o  b e  rem oved f ro m  th e  i n t e g r a t i o n s .  The e q u a t io n s  can  be  
s o lv e d  t o  o b t a i n  t h e  ch an g e  t h a t  s h o u ld  be  made f o r  eac h  p a r a ­
m e te r .  The two a s s u m p t i o n s ,  t h a t  o f  a  l i n e a r  a p p ro x im a t io n  and  
a l s o  t h a t  o f  c o n s t a n t  p a r a m e t e r s ,  l i m i t  t h e  s o l u t i o n  t o  r e g io n s  
w i t h i n  a  r e a s o n a b l e  d i s t a n c e  from, t h e  a c t u a l  p a r a m e te r  v a l u e s .
A t l a r g e  d e v i a t i o n s  c o n v e rg e n c e  i s  n o t  a s s u r e d  and  i n s t a b i l i t y  
may r e s u l t .
I t  w i l l  b e  shown t h a t  f o r  s m a l l  p a r a m e te r  d e v i a t i o n s  T om ov ic 's  
l i n e a r  a p p ro a c h  o f  s o l v i n g  th e  s e t  o f  a l g e b r a i c  e q u a t io n s  w i l l  
c o n v e rg e  r a p i d l y ,  u s u a l l y  i n  one i t e r a t i o n .  F o r  l a r g e r  p a r a ­
m e te r  c h a n g e s  w h ich  a r e  o u t s i d e  o f  th e  r e g io n  o f  c o n v e rg e n c e ,  
th e  f i r s t  o r d e r  l i n e a r  a p p ro x im a t io n  m ust be  c o n v e r t e d  i n t o  a  
s t e e p e s t - d e s c e n t  m e th o d . I n  t h i s  way c o n v e rg e n c e  i s  a s s u r e d  even  
though  s low  c o n v e rg e n c e  r e s u l t s .  The s t e e p e s t  d e s c e n t  method
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u s e d  w i l l  be  th e  one p ro p o se d  by  M arq u a rd t  (3 )  b e c a u se  i t  i s  
r e a l l y  a  h y b r id  o f  t h e  two m e th o d s .
The l i n e a r  method r e q u i r e s  t h e  e x p a n s io n  o f  th e  c r i t e r i o n  
f u n c t i o n  i n  a  T a y l o r ' s  s e r i e s .  The d e r i v a t i v e s  o f  t h i s  e x p r e s s io n  
a r e  th e n  t a k e n  w i t h  r e s p e c t  t o  t h e  unknown p a r a m e te r s  and  th e s e  
d e r i v a t i v e s  a r e  s e t  e q u a l  t o  z e r o .  The r e s u l t ,  known a s  t h e  Gauss 
m e thod , r e q u i r e s  t h e  s o l v i n g  o f  t h e s e  e q u a t io n s  f o r  t h e  unknown 
p a r a m e t e r s .
A (£&i) = B (2.12)
w h ere  A and  B a r e  m a t r i c e s  c o r r e s p o n d in g  t o  t h e  i n t e g r a t i o n s  o f  
th e  s e n s i t i v i t y  c o e f f i c i e n t s  i n  t h i s  p ro b le m .  However, i n  t h e  
g r a d i e n t  m e th o d s ,  t h e  d e r i v a t i v e s  a r e  n o t  s e t  e q u a l  t o  z e r o  and 
s t e p s  a r e  t a k e n  i n  t h e  d i r e c t i o n  o f  t h e  n e g a t i v e  g r a d i e n t  o f  th e  
c o s t  f u n c t i o n .  M arq u a rd t  s u g g e s t s  t h a t  a  c o m b in a t io n  o f  t h e  two 
m ethods b e  u s e d .  A t d i s t a n c e s  o u t s i d e  th e  norm al r e g io n  o f  
c o n v e rg e n c e  ( l a r g e  p a r a m e te r  c h a n g e s )  a  g r a d i e n t  a p p ro a c h  i s  
a p p l i e d  b u t  a s  t h e  s o l u t i o n  e n t e r s  t h e  n e ig h b o rh o o d  o f  th e  
o p t im a l  p a r a m e t e r s ,  t h e  Gauss method i s  u se d  to  sp eed  c o n v e rg e n c e .  
T h is  i s  a c c o m p l i sh e d  by  a d d in g  a  c o n s t a n t  f a c t o r  X  w h ich  o p e r a t e s  
a s  a  L a g ra n g ia n  m u l t i p l i e r .  The a l g o r i t h m  i s  w r i t t e n  a s
(A + X I) £Qt  = B (2.13)
As th e  X  v a l u e s  I n c r e a s e  a  g r a d i e n t  method i s  o b t a i n e d .  When X  i s  
z e r o ,  t h e  a l g o r i t h m  r e d u c e s  t o  t h e  G auss m e th o d , E q u a t io n  ( 2 . 1 2 ) .  
A lth o u g h  M a rq u a rd t  p r e s e n t s  a  method f o r  d e t e r m in i n g  how t o  choose  
t h e  optimum X  v a l u e s ,  good r e s u l t s  w e re  o b ta in e d  w i t h  a  s im p le  
t r i a l  and  e r r o r  a p p r o a c h .
Second O rder Model
The t e c h n iq u e  u s i n g  t h e  s e n s i t i v i t y  c o e f f i c i e n t s  was t e s t e d  
w i t h  two d i f f e r e n t  a p p r o a c h e s .  F i r s t ,  a  s eco n d  o r d e r  e q u a t i o n  w i th  
known p a r a m e te r s  was u s e d  a s  t h e  unknown p r o c e s s  and  an  e q u a t i o n  
o f  t h e  same fo rm  was t a k e n  a s  t h e  m o d e l.  S t a r t i n g  w i t h  assumed 
v a l u e s  o f  t h e  p a r a m e t e r s ,  t h e  method o u t l i n e d  above  was s u c c e s s ­
i v e l y  a p p l i e d  t o  t h e  same p r o c e s s  r e s p o n s e .  I f  t h e  p a r a m e t e r s ,
A , B, and  K i n  t h e  m odel a r e  found  t o  c o n v e rg e  t o  t h e  known 
v a l u e s  i n  t h e  p r o c e s s ,  t h e  method w i l l  b e  c o n s id e r e d  a p p l i c a b l e .
The r e s u l t s  ( s e e  T a b le  2 .1 )  show t h a t  t h e  a p p ro a c h  was s u c c e s s f u l  
i n  d e t e r m in in g  th e  c o r r e c t  p a r a m e t e r s .  H ow ever, t h e  s o l u t i o n  was 
i t e r a t i v e  and  t h e  number o f  i t e r a t i o n s  depended  on th e  i n i t i a l  
g u e s s e s  o f  t h e  model p a r a m e t e r s .  I f  t h e s e  s t a r t i n g  p o i n t s  w ere  
w i t h i n  a  r e a s o n a b l e  d i s t a n c e  from  th e  a c t u a l  v a l u e s ,  t h e  s o l u t i o n  
c o n v e rg e d  r a p i d l y .  A t o t h e r  s t a r t i n g  p o i n t s  t h e  s o l u t i o n  seemed 
t o  o s c i l l a t e  and  a t  s t i l l  o t h e r s  t h e  method c o m p le te ly  b ro k e  down. 
T h i s  was due t o  t h e  m ethod t r y i n g  t o  o v e r -c o m p e n s a te  w i t h  p a r a ­
m e te r  ch an g e s  l a r g e r  t h a n  n e c e s s a r y ,  and  was overcom e by u s in g  
M a r q u a r d t ' s  m ethod a s  d e s c r i b e d  p r e v i o u s l y .
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R e s u l t s  -  T a b le  I I - l  
S e n s i t i v i t y  C o e f f i c i e n t s  and  P a t t e r n  S e a rc h  to  
D e te rm in e  C o r r e c t  Model P a r a m e te r s  f o r  2nd O rder System
C o r r e c t  model A = .7 
p a r a m e te r s
B = .05  
K = - . 0 8
S e n s i t i v i t y  C o e f f i c i e n t s  
S t a r t i n g  V a lu e s  #  o f  I t e r a t i o n s ______
K A B
- . 0 0 1
o9 . 1 15 3371
- . 0 0 1 1 . . 1 13 2895
- . 0 0 1 . 0 1 . 0 0 1 251 1905
- . 0 0 1 1 . . 0 0 1 351 4360
- . 1 . 0 1 . 1 9 957
- . 1 . 0 1 . 0 0 1 1 2 277
- . 1 1 . . 0 0 1 8 287
- . 1 1 . . 1 5 902
The s e n s i t i v i t y  c o e f f i c i e n t  a p p ro a c h  r e q u i r e  \  v a l u e  o f  2 .  
added  t o  d i a g o n a l  e l e m e n ts  o f  A m a t r i x  i n  o r d e r  t o  m a i n t a i n  s t a b i l i t y .
P a t t e r n  S e a rc h  
#  o f  I t e r a t i o n s
P a t t e r n  s e a r c h  d i d  n o t  o b t a i n  c o r r e c t  model p a r a m e te r s .
T a b le  ( 2 .1 )  com pares th e  number o f  i t e r a t i o n s  t o  th e  r e s u l t s  
o f  P a t t e r n  S e a rc h  ( 8 ) w ith  th e  same s t a r t i n g  p o i n t s .  N o tic e  t h a t  
f o r  two s e t s  o f  s t a r t i n g  p o in t s  th e  p a t t e r n  s e a r c h  c o n v e rg e s  
to  i n c o r r e c t  p a ra m e te r s  w h e re a s  th e  s e n s i t i v i t y  c o e f f i c i e n t s  
f in d  th e  c o r r e c t  v a l u e s .
I f  a  m odel w i th  a  d i f f e r e n t  form  i s  u s e d ,  th e  s e n s i t i v i t y  
m ethod ca n  s t i l l  b e  a p p l i e d .  F o r ex am p le , th e  s e c o n d -o rd e r  
m odel c a n  b e  w r i t t e n  i n  te rm s  o f  two tim e  c o n s ta n t s
c K
r  (T^s +  1 ) ( t 2s +  1) (2 .14)
o r  i n  te rm s  o f  g a i n ,  n a t u r a l  f r e q u e n c y ,  and dam ping r a t i o
Koo 2
“  = “ 2---------2 -------------5 "  ( 2 ' 15)
s + 2 6 (1) s + u) n n
Even th o u g h  one c a n  c o n v e r t  from  one s e t  o f  th e s e  p a ra m e te rs  to  
a n o t h e r ,  th e  s e n s i t i v i t y  c o e f f i c i e n t s  seem  t o  w ork b e s t  on th e  
s im p le s t  m ethod i n  w h ich  th e  p a ra m e te r s  a r e  n o n - i n t e r a c t i n g .  F o r 
t h i s  r e a s o n ,  th e  o r i g i n a l  m odel w i th  th e  p a ra m e te r s  A, B, and  K 
was u s e d .
I f  th e  s t a r t i n g  v a lu e s  o f  th e  p a ra m e te r s  a r e  c lo s e  t o  th e  
a c t u a l  v a l u e s ,  o n ly  a  o n c e - th ro u g h  i d e n t i f i c a t i o n  u s in g  th e  
s e n s i t i v i t y  c o e f f i c i e n t s  i s  n e c e s s a r y .  T h is  makes i t  u n n e c e s s a ry
17
to  s t o r e  th e  p ro c e s s  r e s p o n s e ,  th u s  s a v in g  c o re  s t o r a g e .  T h is  
c o n d i t io n  sh o u ld  h o ld  f o r  s u c c e s s iv e  i d e n t i f i c a t i o n s  o f  a 
ch an g in g  p ro c e s s  sy s te m , b u t  may n o t h o ld  f o r  th e  i n i t i a l  
i d e n t i f i c a t i o n  u n le s s  good e s t im a te s  o f  th e  p a ra m e te r s  a r e  
a v a i l a b l e .
C hem ical R e a c to r
A seco n d  m ethod o f  t e s t i n g  th e  s e n s i t i v i t y  c o e f f i c i e n t s  was 
t h a t  o f  t r y i n g  to  f i t  a  seco n d  o rd e r  m odel to  a  n o n - l i n e a r  p ro c e s s  
and  n o t in g  i f  th e  p a ra m e te rs  c o n v e rg e  t o  a c c e p ta b l e  v a l u e s .  F or 
t h i s  p ro b lem  th e  s t i r r e d  ta n k  r e a c t o r  ( s e e  F ig u re  2) was c o n s id e r e d .  
I n  th e  sy s tem  a  seco n d  o r d e r  c h e m ic a l r e a c t i o n  ta k e s  p la c e
The r e a c t i o n  i s  e x o th e rm ic  w i th  h e a t  o f  r e a c t i o n  AH e q u a l to
-1 2 ,0 0 0  B tu / lb .  m o le . T h e re  i s  no volum e ch an g e  w ith  r e a c t i o n .
2
The r a t e  e x p re s s io n  i s  r  = -kC. w i th  r  th e  r a t e  o f  d is a p p e a ra n c e3 A 3
o f  A. The r a t e  c o n s ta n t  k  fo l lo w s  th e  A r rh e n iu s  e x p r e s s io n  in  
te m p e ra tu re  d ependence
2 A —* B (2 .1 6 )
k  = k  e -a /Tc
O
k = 8 .3 3  x  10 c u  f t / l b .m o l e  m in . (2 .1 7 )
c
a -  1400°R
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r~-.i
TRl
System  P a ra m e te rs  S te a d y  S t a t e  C o n d it io n s
vt = 1 3 .3 8  f t 3 °Ao
= 0 .5 9 7 5  l b - m o l e / f t 3
VB = 8 .6 4  f t J °A
= 0 .2 0 6 8  l b - m o l e / f t
a b
= 2 0 0 . 0  f t 3 T
wi
= 80°F
Pt = 55 l b / f t 3 Tw = 2 1 8 .86°F
U = 7 5 .0  BTU/hr°F f 2 TR = 175°F
c
p
= .9  BTU /lb°F T
P
= 2 0 5 .31°F
c
P
= 1 .0  BTU/lb°F m = 2 6 .8 9  lb /m in
pj
= 6 2 .4  l b / f t 3 w = 7 3 .5  lb /m in
m = -1 2 ,0 0 0  B TU /lb-m ole
F ig u re  2 .2 .  C hem ica l R e a c to r  P ro c e s s .
A ssu m p tio n s  a r e  t h a t  th e  te m p e ra tu re  o f  th e  tu b e  b u n d le  i s  u n ifo rm , 
th e  r e a c t o r  i s  w e l l  m ixed and th e  h e a t  l o s s  t o  th e  s u r ro u n d in g s  
i s  n e g l i g i b l e .  T h re e  e q u a t io n s  a r e  n eed ed  to  d e s c r ib e  th e  sy s te m . 
An u n s te a d y  s t a t e  e n th a lp y  b a la n c e  on th e  j a c k e t  y i e ld s
" V v y + ( - ^ a 2  v t  -  “v v v = V t cP(dy dt)
(2 .1 8 )
An u n s te a d y  s t a t e  b a la n c e  on com ponent A in  th e  k e t t l e  i n d i c a t e s
w (c a  -  Ca ) / P t  -  Vt kCa 2  = Vt (dCa / d t )  (2 .1 9 )
o
F o r th e  tu b e  b u n d le  an  u n s te a d y  s t a t e  e n th a lp y  b a la n c e  g iv e s
mC (T -  T ) +  UA (T -  T ) = V j C  (dT / d t )  (2 .2 0 )p w. v  B p w B B p w
T hese  t h r e e  e q u a t io n s  w i l l  d e s c r ib e  th e  sy s tem  to  b e  i n ­
v e s t i g a t e d .  The same second  o rd e r  m odel t h a t  was u sed  in  th e  
p r e c e e d in g  c a s e  w as a p p l ie d  t o  th e  p r o c e s s ,  and  th e  s o l u t i o n  was 
g e n e ra te d  u s in g  a  f o u r th - o r d e r  R u n g e -K u tta  n u m e ric a l te c h n iq u e .  
D i f f i c u l t y  a r o s e  i n  t h a t  s t a r t i n g  v a lu e s  had  to  b e  ap p ro x im a te d  
f o r  c o n v e rg e n ce  and when th e s e  v a lu e s  w ere  n o t  s u f f i c i e n t l y  c l o s e  
to  th o s e  o f  th e  s o l u t i o n ,  i n s t a b i l i t i e s  r e s u l t e d .  For th e s e  
c a s e s ,  M a rq u a rd t 's  m ethod had to  b e  u s e d .
C o n tro l  S t r a t e g y
To e v a lu a te  th e  u t i l i t y  o f  th e  s e n s i t i v i t y  c o e f f i c i e n t s  in  
th e  d e s ig n  o f  c o n t r o l l e r s ,  t h r e e  d i f f e r e n t  a p p ro a c h e s  w ere  u sed  
t o  d e s ig n  c o n t r o l  law s f o r  th e  c h e m ic a l r e a c t o r  i n  F ig u re  2 .2 .
The r e a c t o r  te m p e ra tu r e  Tp i s  c o n t r o l l e d  u s in g  th e  j a c k e t  w a te r  
f lo w  r a t e  m a s  th e  m a n ip u la te d  v a r i a b l e .  I n  a l l  c a s e s ,  th e  
m a n ip u la te d  v a r i a b l e  w as c o n s t r a in e d  b e tw een  0  and  1 0 0  lb s /m in .
I n  a  p a p e r  b y  L a to u r  ( 2 ) ,  a  t im e -o p t im a l  s w i tc h in g  c u rv e  i s  
u se d  t o  f i n d  th e  c o n t r o l  s t r a t e g y  f o r  a  s e t - p o i n t  c h a n g e . I f  
a  s e t - p o i n t  ch an g e  i s  d e s i r e d  f o r  a  seco n d  o rd e r  p r o c e s s ,  o p tim a l 
c o n t r o l  th e o ry  f o r  a  tim e  o p tim a l sy s te m  d i c t a t e s  t h a t  th e  m an i­
p u la te d  v a r i a b l e  b e  o p e r a te d  b a n g -b a n g . The two s w itc h in g  tim e s  
f o r  th e  b an g -b an g  c o n t r o l l e r  a r e  d e te rm in e d  from  th e  two tim e  
c o n s ta n t s  and  sy s te m  g a in  i n  th e  p ro c e s s  m o d e l. When th e s e  th r e e  
p a ra m e te r s  f i t  th e  p r o c e s s  e x a c t l y ,  th e  t im e -o p t im a l  re s p o n s e  
f o r  th e  s y s te m  s h o u ld  r e s u l t .  I n  L a t o u r 's  p r e s e n t a t i o n  a  non­
l i n e a r  s t a t i s t i c a l  r e g r e s s i o n  p rog ram  w as u sed  t o  f i t  th e  model 
p a ra m e te rs  t o  t h e  re s p o n s e  o f  th e  p r o c e s s .  I t  i s  b e l i e v e d  t h a t  
th e  s e n s i t i v i t y  a p p ro a c h  m ig h t o b ta in  th e  p a ra m e te rs  m ore q u ic k ly  
and  a l s o  t h a t  i t  c o u ld  b e  a d a p te d  to  p e rfo rm  th e  a n a l y s i s  i n  th e  
o n - l i n e  c o n t r o l  schem e. The m ethod was a p p l ie d  t o  th e  e q u a t io n s  
f o r  th e  backm ix  r e a c t o r  and  th e  seco n d  o rd e r  m odel p a ra m e te rs  
A , B , and  K w ere  fo u n d . T h ese  w ere  th e n  c o n v e r te d  t o  th e  form  
o f  two tim e  c o n s t a n t s  and  a  g a in  and  th e  o p tim a l s w i tc h in g  tim e s  
w ere  d e te rm in e d  from  th e  fo l lo w in g  e q u a t io n s :
21
b
K -k - ( r  /K  -k )  e x p ( - t„ /b T )  
°  P ^
K -r/K
P
K - k - ( r p /Kp -k )  e x p ( - t 2 /T )
K -r/K
P
(2 . 21)
w here  K and k  a r e  th e  u p p e r  and  lo w er l i m i t s  on th e  m a n ip u la te d  
v a r i a b l e
r p i s  th e  v a lu e  o f  th e  c o n t r o l l e d  v a r i a b l e  a t  s t e a d y -  
s t a t e
r  i s  th e  v a lu e  o f  th e  new s e t p o i n t
Kp i s  th e  p r o c e s s  g a in
T i s  th e  m a jo r tim e  c o n s ta n t
bT i s  th e  m in o r tim e  c o n s ta n t
The v a lu e  o f  th e  f i r s t  s w i tc h  t 2  i s  found  b y  s o lv in g  t h i s  i m p l i c i t  
e q u a t io n  u s in g  th e  m ethod o f  h a l v in g - th e - in c r e m e n t .  The v a lu e  o f  
th e  seco n d  s w itc h  t ^  i s  fo u n d  u s in g  th e  e q u a t io n
t  = T I In r Q/K -k - (K -k )e x p ( t 2 /T )
r /K  -K 
P
(2 . 22)
B oth  o f  th e s e  e q u a t io n s  assum e t h a t  r  i s  l e s s  th a n  r  . I f  r  >  ro o
in te r c h a n g in g  K and  k  i n  th e  abo v e  e q u a t io n s  w ould y i e l d  th e  
c o r r e c t  r e s u l t s .
F ig u re  2 .3  i l l u s t r a t e s  th e  e f f e c t i v e n e s s  o f  t h i s  c o n t r o l  
s t r a t e g y  f o r  th e  c h e m ic a l r e a c t o r  d e s c r ib e d  a b o v e . The s e r i e s  
o f  s t e p  in p u t s  shown i n  F ig u re  2 .3 a  w as a p p l ie d  t o  th e  p r o c e s s .
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F ig u r e  2 .3 a .  I n p u t  ch an g es  i n  s e t  p o i n t  on r e a c t o r  te m p e ra tu r e .
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F ig u re  2 .3 b  shows th e  in p u t  to  th e  p ro c e s s  an d  F ig u re  2 .3 c  
shows th e  r e s u l t i n g  r e s p o n s e .  J u s t  p r i o r  to  eac h  ch an g e  i n  
s e t - p o i n t ,  th e  c o e f f i c i e n t s  A , B, and  K i n  th e  m odel w ere  r e ­
e v a l u a te d .  The r e s u l t s  a r e  shown i n  F ig u re  2 . 4 .  F o r  th e  f i r s t  
s t e p  in p u t  th e  c o n t r o l  w as c a l c u l a t e d  u s in g  e s t im a te s  known to  
b e  c lo s e  t o  t h e i r  t r u e  v a lu e s  a t  th e  l e v e l  o f  o p e r a t i o n ,  b u t  
w e re  n o t  e x a c t .
I n  th e  o p t im a l- t im e  fo rm u la t io n  th e  maximum and  minimum 
v a lu e s  o f  th e  m a n ip u la te d  v a r i a b l e  a r e  f ix e d  an d  th e  two s w i tc h in g  
tim e s  a r e  d e te rm in e d  f o r  any  s e t  p o in t  c h a n g e s . Kalman (1) 
c o n s id e r s  th e  c o n v e rs e  o f  t h i s  p ro b le m , w h ere  th e  two s w i tc h in g  
tim e s  a r e  f ix e d  and  th e  maximum and minimum v a lu e s  o f  th e  c o n t r o l  
v a r i a b l e  a r e  o b ta in e d  from  a  fe e d b a c k  a lg o r i th m .
The a lg o r i th m  f o r  th e  Kalman c o n t r o l l e r  i s  d e r iv e d  from  th e  
p h y s ic a l  c o n f ig u r a t io n  s e e n  in  F ig u re  2 . 5 .  The p l a n t  o r  p r o c e s s  
t r a n s f e r  f u n c t io n  w h ich  w i l l  b e  r e p la c e d  w i th  th e  d e r iv e d  m odel 
e q u a t io n  i s  g iv e n  b y  e q u a t io n  2 . 2  and  c a n  b e  w r i t t e n  a s
G (s) ( T;|s *  1 ) < t 2s + 1 ) ( 2 ‘23)
U sing  a  z e r o - o r d e r  h o ld ,  th e  z - t r a n s f o r m  e x p r e s s io n  f o r  th e  p l a n t  
i s
HG(z) = z
i “Ts 1 - e
s G(S) "  Q W  <2 ' 2 4 )
3ab.oo ub.oo ob.oo cETbo 100. 
TIME
F ig u re  2 .4 a .  V a r i a t io n  in  M odel P a ra m e te r  A.
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w h ere  T i s  th e  sam p lin g  t im e . The n e x t  s t e p  i s  to  d iv id e  num­
e r a t o r  and  d e n o m in a to r  by an  a p p r o p r i a t e  f a c t o r  so  t h a t  th e  sum 
o f  th e  c o e f f i c i e n t s  o f  P (z )  e q u a ls  o n e . The c o n t r o l l e r  t r a n s f e r  
f u n c t i o n > D *(z) i s  th e n  found  from  th e  r e l a t i o n s h i p
D* (z> " i S m o  ( 2 -25>
The m ain  d raw back  o f  u s in g  th e  t im e -o p t im a l  a p p ro ac h  i s  t h a t  
e s s e n t i a l l y  two c o n t r o l l e r s  m ust b e  u t i l i z e d .  D u rin g  th e  t r a n s ­
i t i o n  from  one s t a t e  to  a n o th e r ,  th e  o u tp u t  i s  h e ld  a t  one o f  
th e  e x tre m e s  a s  d e te rm in e d  from  e i t h e r  th e  s w i tc h in g  tim e s  o r  
a l t e r n a t i v e l y  from  th e  s w itc h in g  c u r v e .  A f te r  th e  t h i r d  s w itc h  
i s  made a  fe e d b a c k  c o n t r o l  law  i s  th e n  im p lem en ted . K alm an 's  
a lg o r i th m  c o u ld  b e  u se d  a t  a l l  t im e s .
The o n ly  p ro b le m , h o w ev er, i s  t h a t  K a lm an 's  d e r iv a t io n  
assum ed no l i m i t s  on th e  c o n t r o l  o r  m a n ip u la te d  v a r i a b l e .  I n  
th e  r e a c t o r  p ro b lem  a s  i n  m ost p ro c e s s  a p p l i c a t i o n s  some p h y s ic a l  
l i m i t a t i o n s  w i l l  b e  p la c e d  on th e  sy s te m . T h u s , when th e  sam p lin g  
tim e s  a r e  lo n g ,  th e  ra n g e  f o r  th e  c o n t r o l  v a r i a b l e  w i l l  b e  sm a ll 
and  K a lm an 's  a lg o r i th m  can  b e  u se d  d i r e c t l y .  The s t e a d y - s t a t e  
r e s p o n s e  w i l l  b e  re a c h e d  i n  two sam p lin g  i n s t a n t s  b u t  i t s  c o s t  
w i l l  b e  somewhat l a r g e r  th a n  th e  o p tim a l b an g -b an g  c a s e .  I f  th e  
s a m p lin g  tim e  i s  d e c r e a s e d ,  K a lm an 's  a lg o r i th m  com putes v a lu e s  
o f  th e  m a n ip u la te d  v a r i a b l e  t h a t  ex ceed  th e  l i m i t s .  S im ply  
r e p l a c in g  th e  com puted v a lu e  o f  th e  m a n ip u la te d  v a r i a b l e  by th e  
l i m i t i n g  v a lu e s  le a d s  t o  a n  u n s ta b l e  a lg o r i th m .  Some im provem ent
i s  o b ta in e d  i f  th e  fo l lo w in g  p ro c e d u re  i s  u s e d :
1 . C a lc u la t e  th e  c o n t r o l  e r r o r  a s  th e  d i f f e r e n c e  be tw een  
th e  s e t  p o in t  and  th e  c o n t r o l l e d  v a r i a b l e .
2 .  C a lc u la t e  th e  m a n ip u la te d  v a r i a b l e  a s  u s u a l .
3 .  I f  th e  c a l c u l a t e d  m a n ip u la te d  v a r i a b l e  e x c e e d s  th e  l i m i t ,  
r e p la c e  i t s  v a lu e  by  th e  l i m i t .
4 .  B a c k - c a lc u la te  from  th e  a lg o r i th m  e q u a t io n  th e  v a lu e  o f  
th e  c o n t r o l  e r r o r  t h a t  w ould  h av e  g iv e n  th e  l i m i t i n g  
v a lu e  o f  th e  m a n ip u la te d  v a r i a b l e .  S to r e  t h i s  i n  p la c e  
o f  th e  v a lu e  c a l c u l a t e d  i n  S te p  1 . W h ile  t h i s  w orks
a t  l e a s t  i n  some c a s e s ,  i t  c a n  p o t e n t i a l l y  p ro d u ce  a  
l i m i t  c y c le  i n  th e  o u tp u t .
T h is  te c h n iq u e  can  b e  d e m o n s tra te d  by  c o n t r o l l i n g  th e  backm ix  
r e a c t o r  u s in g  K a lm an 's  a lg o r i th m .  F i r s t ,  th e  v a lu e s  i n  th e  
a lg o r i th m  have  to  b e  d e te rm in e d  from  th e  p l a n t  m o d e l. For th e  
seco n d  o rd e r  sy s te m
th e  v a lu e s  f o r  th e  g a in  and  two tim e  c o n s ta n t s  a r e  a l r e a d y  
known from  th e  s e n s i t i v i t y  a n a l y s i s  o r  any  o th e r  a v a i l a b l e  means 
u se d  to  d e te rm in e  th o s e  p a ra m e te r  v a l u e s .  From e q u a t io n  2 .2 4
HG*(z)
*
(2 .2 7 )
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o r
H G *(z) =
z - 1
z
K/V 2
s ( s  +  l / ^ X s  +  1 / t2)
(2 .2 8 )
From a  t a b l e  o f  z - t r a n s f o r m s ,  t h i s  e x p r e s s io n  c a n  b e  p u t  e n t i r e l y  
i n  th e  z -d o m a in .
HG*(z) = K ( z - l )
Z 1 (T2 “ T |) ( a - e  T T l) (T j j -T jX z -e  T T2)
(2 .2 9 )
By m u l t ip ly in g  th e  te rm s  t o g e th e r  and  co m b in in g  th e  c o e f f i c i e n t s  
o f  th e  d i f f e r e n t  pow ers o f  z ,  t h e  above e q u a t io n  can  b e  p u t  in t o  
th e  form :
.  A1Z +  A2Z _ P * (z )
(  1  +  B jz ' 1 +  B2 2 - 2  '  ( 2 -3°>
From th e  d ev e lo p m en t o f  t h i s  a lg o r i th m  a l l  th e  c o e f f i c i e n t s  
m ust b e  n o rm a liz e d  and  t h i s  w i l l  f o r c e  Ep. = 1 . T h is  n o rm a l iz a t io n  
w i l l  p ro d u c e  new c o e f f i c i e n t s  f o r  th e  z te rm s .  N ext th e  c o n t r o l l e r  
a lg o r i th m  i s  found  from
D *(z) = — Q *(z ) ~  _ M(z ) (2 .3 1 )
D W  1 +  P * (z )  E (z )
The f i n a l  c o n t r o l  e q u a t io n  c a n  b e  w r i t t e n  a s
“N = + V h- 1 + %®H-2 + I t l  + ° A - 2 (2 . 32)
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A m ore d e t a i l e d  d ev e lo p m en t f o r  th e s e  c o e f f i c i e n t s  c a n  b e  found  
i n  th e  a p p e n d ix . As c a n  be  s e e n ,  th e  m a n ip u la te d  v a r i a b l e  i s  
c a l c u l a t e d  f ro m .th e  p r e s e n t  an d  l a s t  two e r r o r  s ig n a l s  a lo n g  
w ith  th e  l a s t  two v a lu e s  o f  th e  m a n ip u la te d  v a r i a b l e .  H ow ever, 
a s  n o t i c e d  i n  th e  s te p  by s t e p  p r o c e d u r e ,  th e  c a l c u l a t e d  v a lu e  
m ig h t b e  o u ts id e  th e  a llo w e d  l i m i t s  f o r  th e  m a n ip u la te d  v a r i a b l e .
I n  t h i s  c a s e ,  th e  v a lu e  o f  th e  m a n ip u la te d  v a r i a b l e  i s  r e p la c e d  
by  t h a t  l i m i t  and e q u a t io n  2 .3 2  i s  r e a r r a n g e d  and  s o lv e d  f o r  
a  new e r r o r  s i g n a l .  T h is  p seu d o  e r r o r  s ig n a l  w i l l  b e  s to r e d  and 
u se d  i n  th e  c o n t r o l  a lg o r i th m  f o r  th e  n e x t  c a l c u l a t i o n .  A ls o , 
th e  l i m i t  o f  th e  m a n ip u la te d  v a r i a b l e  w i l l  b e  s to r e d  and  n o t  th e  
c a l c u l a t e d  v a lu e .
F ig u re  2 .6  com pares th e  p e rfo rm a n c e  o f  K a lm an 's  a lg o r i th m  
e x e c u te d  i n  t h i s  m anner t o  th e  minimum tim e  c o n t r o l  la w . N ote 
t h a t  K a lm an 's  a lg o r i th m  o v e r s h o o ts  som ew hat, an d  d o e s  n o t  
p e rfo rm  a s  w e l l .
F ig u re  2 .6  a l s o  com pares th e  p e rfo rm a n c e  o f  th e  two c o n t r o l l e r s  
d e s c r ib e d  above t o  t h a t  o f  a  c o n v e n t io n a l  P I  c o n t r o l l e r .  S in c e  th e  
m a n ip u la te d  v a r i a b l e  i s  c o n s t r a i n e d ,  r e s e t  w indup i s  a  p o t e n t i a l  
p ro b le m , w h ich  c a n  b e  l a r g e l y  c irc u m v e n te d  by u s in g  th e  v e l o c i t y  
fo rm  o f  th e  a lg o r i th m .  The tu n in g  p a ra m e te r s  ( p r o p o r t io n a l  g a in  
and  r e s e t  tim e )  i n  th e  P I  c o n t r o l l e r  u se d  f o r  F ig u re  2 .6  w ere  
d e te rm in e d  u s in g  P a t t e r n  S e a rc h  t o  m in im ize  th e  p e rfo rm a n c e  
f u n c t io n  ITAE ( i n t e g r a l  o f  tim e  and  a b s o lu t e  e r r o r )  d i r e c t l y  on th e
HG(z)
"1
D (z)
R + C o n t r o l l e r A | Hold P la n t
I
i
System
L
F ig u r e  2 .5 .  T y p ic a l  s a m p le d -d a ta  c o n t r o l  sy s te m .
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F ig u re  2 .6 .  T em p era tu re  R esponse  f o r  S e t P o in t  Change 
U sing  P a ra m e te rs  from  S e n s i t i v i t y  A n a ly s is  
and T h ree  D i f f e r e n t  C o n tro l S t r a t e g i e s
r e a c t o r  i t s e l f .  T h u s , t h i s  i l l u s t r a t e s  th e  u l t im a te  p e rfo rm a n c e  
a t t a i n a b l e  by  a  P I  c o n t r o l l e r ,  w h ich  i s  s u b s t a n t i a l l y  p o o re r  
th a n  b o th  o f  th e  o th e r  two m e th o d s .
Summary
The u s e  o f  s e n s i t i v i t y  c o e f f i c i e n t s  f o r  p r o c e s s  .c o n t r o l  
a p p l i c a t i o n s  o f f e r s  s e v e r a l  im p o r ta n t  a d v a n ta g e s .  They a r e  
w e l l - s u i t e d  f o r  p r o c e s s e s  t h a t  have c o n s t a n t l y  c h a n g in g  p a ra m e te rs  
b e c a u se  th e  s e n s i t i v i t y  c o e f f i c i e n t s  w i l l  u p d a te  th e  p l a n t  
m odel r e s u l t i n g  i n  a n  a d a p t iv e  c o n f ig u r a t io n .  As lo n g  a s  th e  
c h an g e s  o c c u r  a t  a  r a t e  s lo w e r  th a n  th e  p r o c e s s  tim e  c o n s t a n t ,  
th e  c o n t r o l  sy s te m  w i l l  b e  a b le  to  a d j u s t  i t s e l f  i n  o r d e r  to  
p ro d u c e  th e  optim um  r e s p o n s e s .  A ls o ,  t h e r e  w ould  b e  no d a n g e r  
o f  th e  sy s te m  c h a n g in g  i n  such  a  way t h a t  th e  c o n t r o l l e r  w ould  
n o t  be  a b l e  t o  h a n d le  th e  s i t u a t i o n  and  a n  (u n s ta b le  r e s p o n s e  w ould  
r e s u l t .  A n o n -c o m p u ta tio n a l  a d v a n ta g e  o f  th e  s e n s i t i v i t y  m ethod 
may r e s u l t  i n  th e  i n v e s t i g a t o r  g e t t i n g  m ore o f  a  f e e l  f o r  th e  
im p o r ta n c e  o f  c e r t a i n  p a ra m e te rs  and  th e  la c k  o f  im p o r ta n c e  o f  
o th e r s  by o b s e rv in g  th e  v a lu e s  o f  th e  c o e f f i c i e n t s  d u r in g  th e  
p r o c e s s  r e s p o n s e .  H ow ever, th e  s e n s i t i v i t y  c o e f f i c i e n t s  do h av e  
s e v e r a l  l i m i t a t i o n s .  F i r s t ,  th e  s t a r t i n g  p o in t s  o r  i n i t i a l  
g u e s s e s  h ave  to  be  r e l a t i v e l y  c lo s e  t o  th e  t r u e  v a lu e s  o r  e l s e  
i n s t a b i l i t y  m ig h t r e s u l t .  A ls o ,  b e c a u se  th e  s o l u t i o n  i n  some 
r e g io n s  becom es a lm o s t  a  g r a d ie n t  te c h n iq u e ,  th e  s o l u t i o n  
o s c i l l a t e s  b e tw een  p a ra m e te r  v a lu e s .  B ut b o th  o f  th e s e  d i s a d ­
v a n ta g e s  may b e  c irc u m v e n te d  b y  s p e c i a l  te c h n iq u e s  and  th e  
m ethod ca n  be  a p p l ie d  s u c c e s s f u l ly  i n  a lm o s t  a l l  c a s e s .
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C h a p te r  I I I  
TUNING CONTROLLERS USING OPTIMAL 
CONTROL THEORY
One d is a d v a n ta g e  o f  th e  tu n in g  te c h n iq u e s  c u r r e n t l y  
a v a i l a b l e  i s  t h a t  th e  p e rfo rm a n c e  o b je c t iv e  ( q u a r t e r  d eca y  r a t i o ,  
minimum i n t e g r a l  o f  a b s o lu te  e r r o r ,  o r  o th e r s )  i s  s p e c i f i e d  in  
th e  d ev e lo p m en t o f  th e  te c h n iq u e  and  c a n n o t b e  v a r i e d  a t  th e  
d i s c r e t i o n  o f  th e  u s e r .  I n  t h i s  c h a p t e r ,  o p tim a l c o n t r o l  th e o ry  
i s  u se d  to  d e v e lo p  a  tu n in g  te c h n iq u e  b a s e d  on a  p e rfo rm a n ce  
s p e c i f i c a t i o n  t h a t  c o n ta in s  a  p a ra m e te r  t h a t  th e  u s e r  can  v a ry  
t o  " t ig h t e n - u p "  o r  " lo o s e n "  th e  s e t t i n g  p ro d u c e d  b y  th e  te c h n iq u e .  
S t a r t i n g  w i th  a  f i r s t - o r d e r  la g  p lu s  dead  tim e  p ro c e s s  m o d e l, th e
I
f i r s t - o r d e r  Pade a p p ro x im a tio n  i s  s u b s t i t u t e d  f o r  th e  dead  t im e ,  
p ro d u c in g  a  r e s u l t  t h a t  can  b e  e x p re s s e d  a s  a  l i n e a r  s t a t e  
e q u a t io n .  A p p ly in g  s t a t e  r e g u l a t o r  th e o ry  w i th  a  q u a d r a t ic  
p e rfo rm a n c e  in d e x  p ro d u c e s  th e  s e t t i n g s  f o r  th e  c o n v e n t io n a l  
p r o p o r t i o n a l - i n t e g r a l - d e r i v a t i v e  (PID) c o n t r o l  la w . T h is  
c h a p te r  c o n s id e r s  b o th  th e  s e t  p o in t  ( s e rv o )  and  lo a d  ( r e g u l a t o r )  
c o n t r o l  p ro b le m s , and e x te n d s  th e  r e s u l t s  to  d i s c r e t e  s y s te m s . 
G e n e ra l P ro c e s s  C o n tro l  P rob lem
I n  o r d e r  t o  s im p l i f y  th e  c a l c u l a t i o n s , tu n in g  m ethods 
a r e  g e n e r a l ly  b a se d  on r e l a t i v e l y  s im p le  p ro c e s s  m o d e ls . F o r 
many p r o c e s s e s  a  s u i t a b l e  m odel i s  th e  f i r s t - o r d e r  la g  p lu s  dead
tim e , whose tr a n s fe r  fu n c tio n  i s :
G ( s )  = = —  9y (3 .1 )p v '  U (s) TS +  1 V 1
w here
c ( s )  = sy s te m  o u tp u t  
u ( s )  = sy s te m  in p u t  
K = sy s te m  g a in  
T = sy s te m  tim e  c o n s ta n t
0 = sy s te m  d ead  tim e  ( t r a n s p o r t a t i o n  la g  o r  tim e  d e la y )
s  = L a p la c e  t r a n s f o r m  v a r i a b l e
A lth o u g h  th e  a c c u ra c y  o f  t h i s  m odel i s  n o t  e s p e c i a l l y  good i n  
many c a s e s ,  c o n s id e r a b le  e x t r a  e f f o r t  i s  r e q u i r e d  to  d e v e lo p  
h ig h e r  o r d e r  m o d e ls . I n  th e  t y p i c a l  fe e d b a c k  c o n t r o l  schem e, th e  
o u tp u t  c i s  c o n t r o l l e d  by co m p arin g  i t  w i th  some s e t p o i n t  r  and 
th e n  m a n ip u la t in g  th e  in p u t  u .  The p h y s ic a l  c o n f ig u r a t io n  f o r
t h i s  sy s te m  i s  i l l u s t r a t e d  i n  F ig u re  3 .1 .  A common and e a s i l y
im p lem en ted  c o n t r o l l e r  i s  th e  PID c o n t r o l l e r  w hose t r a n s f e r  
f u n c t i o n  i s :
G ( s )  = K (1 +  +  T ,s )  = (3 .2 )c v 7 c v T .s  d c ( s )  v '
w here
K = c o n t r o l l e r  g a in
= r e s e t  tim e  o r  i n t e g r a l  tim e  
= r a t e  tim e  o r  d e r i v a t i v e  tim e
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General Process Control Problem
Disturbance
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F igu rfe  3 .2 .
A ltern ate  R epresentation o f the Disturbance
An a l t e r n a t e  ap p ro a c h  c o n s i s t s  o f  rem oving  th e  dead tim e  from  th e  
c lo s e d  lo o p  by  means o f  a  c o m p en sa to r  su ch  a s  th e  S m ith  p r e d i c t o r  
( 1 1 ) .  The m a jo r d is a d v a n ta g e  i s  t h a t  th e  r e s u l t  i s  n o t a  s im p le  
feed b ack , c o n t r o l  law  and  c a n n o t b e  im p lem en ted  w i th  c o n v e n t io n a l  
a n a lo g  h a rd w a re .
The O p tim al C o n tro l  F o rm u la tio n
I n  o rd e r  to  o b ta in  c o n t r o l l e r  p a ra m e te r s  w i th  o p tim a l 
c o n t r o l  th e o r y ,  th e  p ro c e s s  e q u a t io n s  m ust f i r s t  be p u t  i n t o  
s t a t e  v a r i a b l e  form :
w h ere
x  i s  an  n -d im e n s io n a l  s t a t e  v e c to r
u  i s  a n  r - d im e n s io n a l  c o n t r o l  v e c to r
A i s  an  n x  n sy s te m  m a tr ix
B i s  a n  n x  r  c o n t r o l  m a tr ix
The p ro b le m  o f  i n t e r e s t  i s  th e  c l a s s i c a l  s t a t e  r e g u l a t o r  
p ro b le m , w h ich  u s e s  th e  q u a d r a t i c  p e rfo rm a n c e  in d e x
The 2L m a tr ix  i s  sym m etric  an d  p o s i t i v e  s e m id e f in i t e  w h i le  
th e  P m a tr ix  i s  sym m etric  and  p o s i t i v e  d e f i n i t e .  The s o l u t i o n  
t o  t h i s  p ro b lem  ca n  b e  fou n d  by  s o lv in g  th e  m a tr ix  R i c c a t i
x  = A x  +  B u ( 3 .3 )
( 3 .4 )
t o
equation
R = -R A -  ATR +  R B P_1 BTR -  a  ( 3 .5 )
As t ^  a p p ro a c h e s  i n f i n i t y ,  R ( t )  becom es c o n s t a n t .  T h e r e f o re ,
R becom es z e r o  and  th e  re d u c e d  o r  d e g e n e r a te  R i c c a t i  e q u a t io n  
r e s u l t s :
a t r  +  r a - r b  p " 1 bt  R + £  = 0 ( 3 .6 )
The above e q u a t io n  i s  a  s e t  o f  n o n l in e a r  a l g e b r a i c  e q u a t io n s  
w h ich  can  b e  s o lv e d  f o r  th e  e le m e n ts  o f  R . S in c e  R i s  r e q u i r e d  
to  be  p o s i t i v e  d e f i n i t e ,  t h i s  le a d s  t o  th e  o p tim a l c o n t r o l  law
u = K x  ( 3 .7 )
w here  K i s  a  c o n s ta n t  m a tr ix  d e f in e d  by
K = -  R_1 BT P ( 3 .8 )
Approximating the Dead Time
I f  th e  tim e  d e la y  i n  th e  f i r s t  o rd e r  p lu s  dead  tim e  sy s te m
o f  e q u a t io n  ( 3 .1 )  i s  r e p la c e d  by  a  f i r s t  o r d e r  Pade a p p ro x im a tio n ,
th e  s t a t e  e q u a t io n  3 .3  can  r e p r e s e n t  th e  r e s u l t i n g  a p p ro x im a tio n .
The Pade a p p ro x im a tio n  s u b s t i t u t e s  ( l - 0 s / 2 ) / ( l + 0 s / 2 )  f o r  th e  
~ flse  te rm , y i e ld in g  th e  new t r a n s f e r  f u n c t io n :
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G ( B )  m  K 1 - 9 a /2  . 
p TS +  1 1 +  0 s /2 (3 .9 )
The d i f f e r e n t i a l  e q u a t io n  c o u n t e r p a r t  t o  t h i s  t r a n s f e r  f u n c t io n  
i s :
0 T • • . / i _0\ .. K0 .-s- C + ( t +  T> C + C = K u -'T-2 U (3 .1 0 )
E q u a t io n  3 .1 0  c a n  b e  r e p r e s e n te d  b y  s t a t e  v a r i a b l e s  a s :
w here
0
2 2
0T
-0+2t
0T
’  _  1
X1 T
+
.  X2  . 9+4- t  ~ 2
x2 = c +  u / t
K u
0T
x^ = c ,  th e  s y s te m  o u tp u t
(3 .1 1 )
N o tic e  t h a t  th e  c o n t r o l  i n  th e  ab o v e  e q u a t io n s  i s  r e a l l y  e q u a l  
to  th e  s y s te m  in p u t  m u l t i p l i e d  by  th e  p r o c e s s  g a i n ,  K. The o p tim a l
c o n t r o l  f o r  th e  ab o v e  sy s te m  and th e  q u a d r a t i c  c o s t  in d e x
f* t  2
J = (x  2 . £  +  P u ) d t  w i l l  be  d e te rm in e d  w i th  th e  s o l u t i o n
o f  th e  R i c c a t i  e q u a t io n .  T h is  c o n t r o l  law  i s  o f  th e  fo rm  u  =
K x ,  and a s  c a n  b e  s e e n  from  th e  d e f i n i t i o n s  o f  x^  and  x 2 > w i l l
become a  p r o p o r t i o n a l  p lu s  d e r i v a t i v e  c o n t r o l l e r .
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T h is  f o r m u la t io n  h a s  n o t  c o n s id e r e d  th e  unm easured  d i s t u r ­
b an ce  in  th e  b lo c k  d ia g ra m  o f  F ig u r e  3 .1 .  F o r s te p  ch an g es  i n  
th e  d i s t u r b a n c e ,  r e d e f i n i n g  th e  p h y s ic a l  sy s te m  a s  i l l u s t r a t e d  
i n  F ig u re  3 .2  p e r m i ts  s t a t e  v a r i a b l e  n o t a t i o n  to  b e  u se d  f o r  t h i s  
te rm  a l s o  (R e f .  3 ) .
The s t a t e  e q u a t io n  f o r  t h i s  f o r m u la t io n  becom es:
X1 ~ 0 1 -  1 / t
'
’ x l ’
1
0
• “2 / 0T 
_ 0
0+2 T 0+4 T X9 + 0
X2
■X3 -
0T
0
9 t 2
0
Z
.  x 3- -  i . .
(3 .1 2 )
w here
= u  +  d
v  = Xg = u
d -  sy s te m  d i s tu r b a n c e  
= c ,  sy s te m  o u tp u t  
x 2 = c  +  x 3 / t
The i n i t i a l  c o n d i t io n s  f o r  s y s te m  3 .1 2  a r e :
—
i 
K i-*
o
 
w 
1
0
x 2 (0 ) = 0
x 3 (0 ) d
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The d i s tu r b a n c e  d i s  c o n s id e re d  t o  b e  c o n s ta n t  and  th e  R i c c a t i  
e q u a t io n  i s  u se d  t o  s o lv e  th e  c l a s s i c a l  s t a t e  r e g u l a t o r  p ro b lem  
y i e l d i n g :
u  = ^  x 1 +  ^  x 2  +  Kg (3 .1 3 )
T h is  e q u a t io n  can  b e  i n t e g r a t e d  and  th e  X2  and  x^ te rm s e l im in a te d
*
by means o f  th e  p ro c e s s  e q u a t io n s  3 .1 2 .  From 3 .1 2 ,  th e  f i r s t  
e q u a t io n  g iv e s
x 2 = x x +  x ^ /T
and  (3 .1 4 )
J * 2  ’  X1 +  J  < V T )d t
E l im in a t in g  X2  from  th e  seco n d  p ro c e s s  e q u a t io n  and  s o lv in g  f o r  
X3
x^ = 0t*x*^.+ 0  u  +  x^ +  ( 0  +  t )  x^ (3 .1 5 )
E q u a t io n s  3 .1 4  and  3 .1 5  a r e  s u b s t i t u t e d  i n t o  3 .1 3  to  o b ta in  a  
c o n t r o l  law  i n  te rm s o f  x ^ ,  th e  sy s te m  o u tp u t :
u i - ( k 27 ^ ) 6  [ [ K1 +K2 /i+ K 3] '  ,T*ld t  +
+  0t +  Ko ( 3 .1 6 )
w h ere  Kq i s  a  c o n s ta n t  o f  i n t e g r a t i o n .  I n  p r a c t i c e  ,  Kq i s  th e  v a lu e
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o f  th e  c o n t r o l l e r  o u tp u t  when th e  lo o p  i s  p la c e d  on a u to m a t ic .  
S in c e  e q u a ls  c ,
The p a ra m e te r s  K ^ ',  K g'* and  K3 1 a r e  r e a d i l y  r e l a t e d  to  th e  
c o n v e n t io n a l  tu n in g  p a ra m e te r s  Kc » T ^ , and  T ^ . N o n d im e n sio n a l-  
i z i n g  th e  tim e  b y  d iv i d in g  b y  th e  tim e  c o n s ta n t  and  rem oving  
th e  sy s te m  g a in  from  th e  p ro c e s s  w i l l  c a u s e  th e  fo l lo w in g  
e q u a t io n s  to  h o ld :
u  « Kj_' c +  I^ 1 f c d t  +  Kg' d c / d t  +  Kq (3 .1 7 )
t 1 = t / t
u '  = K u
•  t  . .  •u '  = K T  u
and th e  c o s t  f u n c t io n  becom es
o r
v 2 .2 p = p K t (3 .1 8 )
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F ig u r e  3 .3  g iv e s  th e  d im e n s io n le s s  r e s p o n s e s  t o  a  s te p  
ch an g e  i n  lo a d  f o r  v a r io u s  v a lu e s  o f  p * . N o te  t h a t  s m a ll  v a lu e s  
o f  p '  g iv e  t i g h t  c o n t r o l ;  l a r g e  v a lu e s  o f  p '  g iv e  lo o s e  c o n t r o l .
F o r  v a r io u s  v a lu e s  o f  p 1, F ig u r e s  3 . 4 a - c  r e l a t e  th e  c o n t r o l l e r  
g a in  Kc » r e s e t  tim e  T ^ , and  th e  d e r i v a t i v e  tim e  T^ t o  th e  m odel 
p a ra m e te rs  K, 0, and  t . To u s e  th e s e  g r a p h s ,  th e  p r a c t i t i o n e r  
f o l lo w s  t h i s  p ro c e d u re :
1 . D e te rm in e  th e  m odel p a ra m e te r s  by  any  te c h n iq u e  he 
d e s i r e s .  The s h o r t  c u t  m ethod s u g g e s te d  b y  M i l l e r  (6 ) 
i s  recom m ended.
2 .  Use F ig u re  3 .3  t o  o b t a in  some e s t im a te  o f  th e  v a lu e  o f  
p 1 t h a t  i s  m ost a p p r o p r i a t e  t o  th e  a p p l i c a t i o n .
3 . D e te rm in e  th e  tu n in g  p a ra m e te r s  from  th e  g ra p h s  i n  
F ig u re  3 .4 .
4 .  T ry  th e s e  s e t t i n g s  on th e  a c t u a l  sy s te m . I f  th e  s e t t i n g s  
a r e  to o  t i g h t ,  i n c r e a s e  p '  and  r e p e a t  from  s te p  3 .  I f  
th e  s e t t i n g s  a r e  to o  l o o s e ,  d e c r e a s e  p '  an d  r e p e a t  from  
s t e p  3 .
The m ain  a d v a n ta g e  o f  t h i s  a p p ro a c h  o v e r  p r e v io u s  m ethods 
( 2 ,5 ,1 2 ,1 4 )  i s  t h a t  th e  u s e r  h a s  m ore c o n t r o l  o v e r  th e  c r i t e r i o n  
f u n c t i o n ,  w h e re a s  e a r l i e r  m ethods w ere  r e s t r i c t e d  t o  a  s p e c i f i c  
c r i t e r i o n  f u n c t io n  su ch  a s  th e  o n e - q u a r t e r  d e c a y  r a t i o  o r  
i n t e g r a l  o f  th e  a b s o lu t e  e r r o r .
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F ig u re  3 .4 c .  V a lu es  f o r  R a te  Time.
V e r i f i c a t i o n  o f  th e  M ethod
To t e s t  th e  r e s u l t s  on a  r e a l i s t i c  sy s te m , th e  s t i r r e d  
c h e m ic a l r e a c t o r  i n  F ig u re  3 .5  was c o n s id e r e d .  The r e a c t o r  
te m p e ra tu re  T^ i s  c o n t r o l l e d  u s in g  th e  j a c k e t  w a te r  f lo w  r a t e  
m a s  th e  m a n ip u la te d  v a r i a b l e .  I n  m o d e lin g  th e  o p e n -lo o p  r e s p o n s e  
o f  th e  sy s te m  to  a  s te p  ch an g e  i n  m ( s e e  F ig u re  3 . 6 a ) ,  th e  
t h r e e  p a ra m e te rs  i n  a  f i r s t  o rd e r  l a g  p lu s  dead  tim e  model 
w ere  d e te rm in e d  b y  means o f  l e a s t  s q u a re s  f i t  to  b e :
K = sy s te m  g a in  = - 0 .0 1 ° F / lb  
T = tim e  c o n s ta n t  = 1 2 .6  m in 
0  = d ead  tim e  = 2 . 4  m in
E s s e n t i a l l y  th e  same r e s u l t s  a r e  o b ta in e d  u s in g  th e  g r a p h ic a l  
a p p ro a c h  commonly u se d  i n  o th e r  c o n t r o l l e r  tu n in g  te c h n iq u e s .
F o r a  s e l e c t e d  v a lu e  o f  p ' ,  th e  tu n in g  p a ra m e te r s  can  be  
d e te rm in e d  from  F ig u re  3 .4 .
B oth lo a d  and  s e t  p o in t  ch a n g e s  w ere  i n v e s t i g a t e d .  F o r 
lo a d  ch an g es  th e  f lo w  r a t e  o f  r e a c t a n t s  t o  th e  r e a c t o r  was 
in c r e a s e d  from  1200 lb /m in  f o r  50 m in u te s  and  th e n  r e tu r n e d  
to  th e  s te a d y  s t a t e  v a lu e  o f  1000 lb /m in .  F ig u r e  3 .6 b  shows th e  
open lo o p  r e s p o n s e s  to  th e s e  c h a n g e s . N o te  th e  i n i t i a l  " d ip "  
i n  th e  te m p e r a tu r e .  F o r  s e t  p o i n t  ch an g es  th e  s e t  p o in t  was 
re d u c e d  t o  185°F and  th e n  in c r e a s e d  b ack  to  190°F a f t e r  50 
m in u te s .
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T,R’
TRC
w.in iiBxmnxaoxtia.
C ,T ,w a ’ p ’
R e a c tio n  K in e t i c s :  2A -* B
System  eq n s:
-kC k = kQe x p (-a /T )
U n stead y  s t a t e  e n th a lp y  b a la n c e  on k e t t l e :
w C (T -T  ) +  (-AH)kC 2 Vt - UA^(T -T  ) = V.P C (dTp R p a  z  B ' p w t  t  p r / d t
U n stead y  s t a t e  e n th a lp y  b a la n c e  on j a c k e t :
m(T -T  ) -UA(T -T  ) = M (dT )Wm w w p c w /d t
U n stead y  s t a t e  b a la n c e  on com ponent A in  th e  k e t t l e :  
”<CV ca>/Pt - vtk ca2 " Vt<dca/dt)
S tead y  S t a t e  C o n d it io n s System  P a ra m e te rs
T S 190°F C
P
.9  B T U /lb . °F
k = ,0 2 7 8 f 3 / lb .m in v t  = 2 5 0 f3
w = 1 0 0 0  lb /m in Pt = 60 l b / f 3
t r
= 150°F a = 2560°R
Cao = 9 l b / f 3 Mc 400 lb
Ca
= 3 .6  l b / f 3 UA = 600 BTU/min
Twin = 80°F -AH = 867 BTU/lb
F ig u re  3 .5 .  C hem ica l R e a c to r .
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F ig u r e  3 .7  i l l u s t r a t e s  th e  p e rfo rm a n c e  o f  th e  c o n t r o l l e r  
tu n e d  f o r  v a r io u s  v a lu e s  o f  p 1 f o r  b o th  lo a d  ch an g es  and  s e t  
p o in t  c h a n g e s .  The n o n l in e a r  n a tu r e  o f  th e  s y s te m  c a u s e s  some 
d i f f e r e n c e s  b e tw ee n  th e  r e s p o n s e s  t o  th e  f i r s t  ch an g es and  th e  
r e s p o n s e s  t o  th e  seco n d  c h a n g e s . B u t f o r  a  g iv e n  v a lu e  o f  p ' ,  
n o te  t h a t  th e  s e t  p o in t  r e s p o n s e s  a p p e a r  t o  b e  m ore o s c i l l a t o r y .  
F o r  e x a m p le , f o r  p 1 e q u a l  t o  1 0 , th e  lo a d  re s p o n s e s  a r e  
d e f i n i t e l y  overdam ped, b u t  th e  s e t  p o in t  r e s p o n s e s  e x h i b i t  
s i g n i f i c a n t  o v e r s h o o t .  R o v ira  (9 ) r e c o g n iz e d  th e  f a c t  when he 
p ro p o s e d  d i f f e r e n t  tu n in g  r e l a t i o n s h i p s  f o r  s e t  p o in t  r e s p o n s e s  
th a n  f o r  lo a d  r e s p o n s e s .
As d e v e lo p e d ,  th e  tu n in g  te c h n iq u e  i n  t h i s  p a p e r  i s  f o r  
s t e p  c h a n g e s  i n  lo a d .  To a p p ly  th e s e  s e t t i n g s  to  s e t  p o in t  
r e s p o n s e s ,  R o v ira  s u g g e s ts  t h a t  a  m o d if ie d  fo rm  o f  th e  PID 
a lg o r i th m  b e  u s e d .  The m ost f r e q u e n t l y  u s e d  fo rm  o f  th e  PID 
c o n t r o l l e r  i s  g iv e n  by  th e  e q u a t io n :
I n  th e  m o d if ie d  a l g o r i th m ,  th e  fe e d b a c k  v a r i a b l e  r e p la c e s  th e  
e r r o r  s i g n a l  i n  a l l  modes e x c e p t  th e  i n t e g r a l  mode. T h is  a l g o r i th m ,  
c a l l e d  th e  PC3D i s
Td
d e ( t )  "I 
d t  J
(3 .1 9 )
u(t> = Kc [-c(t). + J e(t)dt - Td^ l
L 1  ( 3 .2 0 )
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F ig u re  3 < 7 b .
R esp o n ses  f o r  Load Change w ith  
B oth PID and PCID C o n tin u o u s  C o n t r o l l e r s
S in c e  r  e q u a ls  z e ro  f o r  lo a d  c h a n g e s , e ( t )  e q u a ls  - c ( t ) ,  and 
e q u a t io n s  3 .1 9  and  3 .1 0  a r e  i d e n t i c a l .  C o n s e q u e n t ly ,  th e  p e r ­
fo rm an ce  o f  th e s e  two a lg o r i th m s  i s  d i f f e r e n t  o n ly  f o r  s e t  p o in t  
c h a n g e s .
F o r  th e  PCID a lg o r i th m ,  th e  r e s p o n s e  t o  lo a d  ch an g es  i s  
g iv e n  b y  F ig u r e  3 .7 b ,  s in c e  i t s  p e rfo rm a n c e  f o r  t h i s  c a s e  i s  
i d e n t i c a l  t o  th e  s ta n d a r d  PID a lg o r i th m .  F o r  s e t  p o in t  c h a n g e s , 
F ig u r e  3 .8  i l l u s t r a t e s  th e  p e rfo rm a n c e  o f  th e  PCID a lg o r i th m  
f o r  v a r io u s  v a lu e s  o f  p 1. N o te  t h a t  th e  q u a l i t a t i v e  sh ap e  o f  
th e  r e s p o n s e  a s  th e  c o n t r o l l e d  v a r i a b l e  a p p ro a c h e s  th e  s e t  
p o i n t  i s  s i m i l a r  t o  t h a t  o f  th e  r e s p o n s e s  i n  F ig u re  3 .7 b .  In  
o th e r  w o rd s ,  th e  PCID a lg o r i th m  i s  more c o n s i s t e n t  th a n  th e  
PID a lg o r i th m .
H ow ever, n o te  t h a t  th e  PID a lg o r i th m  i s  c a p a b le  o f  p ro d u c in g  
s e t  p o in t  r e s p o n s e s  s u p e r io r  t o  t h a t  o f  th e  PCID (com pare th e  
r e s p o n s e  f o r  p '  = 10 in  F ig u r e  3 .7 a  to  any  o f  th o s e  in  F ig u re  3 .8 .  
The a d v a n ta g e  o f  PCID i s  i t s  c o n s i s te n c y  f o r  b o th  lo a d  and  s e t  
p o in t  c h a n g e s .
S a m p le d -d a ta  S ystem s
A lth o u g h  t h i s  m ethod w as p r e s e n te d  f o r  u se  w i th  a  c o n tin u o u s  
a n a lo g  c o n t r o l l e r ,  i t  i s  e a s i l y  a d a p te d  f o r  u s e  in  sam p led - 
d a t a  s y s te m s .  A t y p i c a l  s a m p le d -d a ta  c o n t r o l  lo o p  i s  shown in  
F ig u r e  3 . 9 ,  w here  th e  s e c t i o n  c o n ta in in g  th e  c o m p a ra to r  and 
c o n t r o l l e r  (d a sh e d  l i n e s )  w ou ld  b e  a  d i g i t a l  co m p u te r.
In  t h i s  c o n f ig u r a t io n  th e  e r r o r  s i g n a l  e i s  a v a i l a b l e  o n ly  
a t  th e  s a m p lin g  i n s t a n t s .  The c o n t r o l l e r  o r  d i g i t a l  com pu ter
61
oo
in
oo
Qo
<o.
oo
to o . 0 0c o .o o
T I ME
F ig u re  3 . 8 .
R esponse f o r  S e tp o in t  Change 
W ith  C o n tin u o o s  PCID C o n t r o l le r
S e t  P o in t D is tu rb a n c e
c ( s )
 C o n tro  H e r  -_J Z ero  O rd er H old P ro c e s s
Sam pler
1 -e e -
1+ts
9s
F ig u r e  3 .9 a .  S am p led -D a ta  System
D is tu rb a n c e
J '  + /
P o in t
e n J f e -(9 + T /2 > c ( s ) ------ ^\3 C 1+TS
C o n t r o l l e r P ro c e s s
F ig u re  3*9b .
C o n tin u o u s  A p p ro x im a tio n
F ig u re -  3 .9 .
Dead Time A p p ro x im a tio n  to  Sam ple and Hold
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th e n  c a l c u l a t e s  a  new v a lu e  f o r  th e  m a n ip u la te d  v a r i a b l e  w h ich  
i s  a l s o  d i s c r e t e  and a v a i l a b l e  o n ly  a t  sa m p lin g  i n s t a n t s .
B etw een sa m p lin g  tim e s  a  d a ta  h o ld  i s  em ployed t o  k eep  th e  m an i­
p u la te d  v a r i a b l 6  a t  th e  l a s t  v a lu e  c a l c u l a t e d .  I t  c a n  b e  
shown t h a t  th e  d i s c r e t e  c o n t r o l  s y s te m  r e p r e s e n te d  i n  F ig u r e  3 .9  
ca n  b e  s u c c e s s f u l l y  ap p ro x im a te d  b y  an  e q u iv a le n t  c o n t in u o u s  
s y s te m , w h ere  a  p u re  dead  tim e  o f  o n e - h a l f  th e  sa m p lin g  tim e  i s  
ad d ed  t o  th e  dead  tim e  o f  th e  p ro c e s s  ( 8 ) .  T h u s , th e  c o n t in u o u s  
sy s te m  i n  F ig u re  3 .9 b  i s  e q u iv a le n t  t o  th e  s a m p le d -d a ta  sy s te m  
o f  F ig u re  3 .9 a .  T h is  a p p ro x im a tio n  c a n n o t be  em ployed a t  
v e ry  lo n g  sam p lin g  tim e s  a p p ro a c h in g  th e  sy s te m  tim e  c o n s ta n t  
o r  i f  th e  sy s te m  i s  o p e r a t in g  n e a r  i t s  s t a b i l i t y  l i m i t s .
U sin g  t h i s  m ethod t o  a p p ro x im a te  th e  d i s c r e t e  sy s te m  w i th  
a  c o n t in u o u s  o n e , o p tim a l c o n t r o l  c a n  th e n  b e  a p p l ie d  t o  tu n e  
th e  PID o r  PCID c o n t r o l l e r .  T h is  was t e s t e d  on th e  r e a c t o r  sy s te m  
d e s c r ib e d  e a r l i e r .  The same m odel p a ra m e te r s  w ere  u se d  to  d e t e r ­
m ine th e  tu n in g  c o n s ta n t s  e x c e p t t h a t  o n e - h a l f  Of th e  sa m p lin g  
tim e  was added  to  th e  sy s te m  dead  t im e .  The sy s te m  r e s p o n s e s  
(F ig u re  3 .1 0 )  f o r  d i f f e r e n t  v a lu e s  o f  th e  p 1 p a ra m e te r  w ere  
fou n d  to  b e  co m p arab le  t o  th o s e  r e s p o n s e s  o f  th e  c o n t in u o u s  
s y s te m  when th e  sam p lin g  r a t e  was f a s t .  H ow ever, a s  th e  sa m p lin g  
tim e  i n c r e a s e d ,  th e  re s p o n s e  becam e more u n s ta b l e  an d  u n a c c e p t ­
a b l e .  As w ou ld  b e  e x p e c te d ,  th e  d ead  tim e  a p p ro x im a tio n  
d e g e n e r a te s  a s  th e  sa m p lin g  tim e  a p p ro a c h e s  th e  sy s te m  tim e  
c o n s t a n t ,  p ro d u c in g  u n s a t i s f a c t o r y  c o n t r o l  lo o p  p e r fo rm a n c e .
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R esp o n ses  to  Load Change f o r  
B oth  PID and PCID C o n t r o l l e r s  
and S a m p le d -d a ta  System
Summary
O p tim al c o n t r o l  th e o ry  c a n  b e  a p p l ie d  d i r e c t l y  t o  sy stem s 
m odeled  w i th  a  f i r s t - o r d e r  l a g  p lu s  d ead  tim e  i n  o rd e r  t o  o b ta in  
tu n in g  c o n s ta n t s  f o r  a  c o n v e n t io n a l  PID a n a lo g  c o n t r o l l e r .  
A lth o u g h  e r r o r s  i n  th e  m odel an d  th e  d ead  tim e  a p p ro x im a tio n  
w i l l  c a u s e  th e  sy s te m  r e s p o n s e  t o  b e  s u b o p t im a l ,  th e r e  a r e  
s e v e r a l  a d v a n ta g e s  due t o  t h i s  m e th o d . F i r s t ,  i t  i s  e x tre m e ly  
e a s y  to  a p p ly .  F o r  g iv e n  m odel p a r a m e te r s ,  th e  c o n t r o l l e r  
c o n s ta n t s  Kc » T\ , and  c a n  b e  o b ta in e d  from  g e n e r a l iz e d  
c h a r t s  su ch  a s  F ig u re  3 . 4 .  A n o th e r  r e a s o n  f o r  u s in g  t h i s  m ethod 
i s  t h a t  th e  sy s te m  r e s p o n s e s ,  a l th o u g h  n o t  o p t im a l ,  a p p e a re d  
c o m p arab le  o r  ev en  b e t t e r  th a n  th o s e  r e s p o n s e s  u s in g  c o n t r o l l e r s  
tu n e d  w ith  o th e r  t e c h n iq u e s . A d is a d v a n ta g e  c o u ld  b e  t h a t  th e  
p a ra m e te r  p i n  th e  c o s t  f u n c t i o n  i s  n o t  w e l l  d e f in e d  and  t r o u b l e  
m ig h t b e  e n c o u n te re d  to  d e te rm in e  a  ra n g e  o f  p w h ich  w i l l  p ro d u ce  
d e s i r e d  r e s u l t s .  On th e  o th e r  h a n d , th e  p v a lu e  c a n  b e  s e l e c t e d  
to  s u i t  th e  u s e r s  n e e d s .  L a rg e r  p v a lu e s  w i l l  p ro d u c e  s lo w e r 
r e s p o n s e s  w h i le  s m a l le r  p v a lu e s  w i l l  r e s u l t  i n  t i g h t e r  c o n t r o l .  
The tu n in g  p ro b le m  i s  re d u c e d  from  a  t h r e e  p a ra m e te r  t o  a  one 
p a ra m e te r  s e a r c h .
The PCID a lg o r i th m  w as a l s o  t e s t e d  w i th  th e  tu n in g  p a r a ­
m e te r s  o b ta in e d  from  th e  R i c c a t i  e q u a t io n .  T h is  a lg o r i th m  was 
fou n d  t o  b e  more s u c c e s s f u l  i n  p ro d u c in g  c o n s i s t e n t  r e s u l t s  f o r  
b o th  th e  lo a d  and  s e t  p o in t  p ro b lem  th a n  th e  c o n v e n t io n a l  PID
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a lg o r i th m .  T h a t i s ,  c o n t r o l l e r  p a ra m e te rs  f o r  a  p a r t i c u l a r  p 
v a lu e  p ro d u c e d  s a t i s f a c t o r y  r e s p o n s e s  f o r  b o th  th e  lo a d  and  
s e t  p o in t  ch an g e  w h e re a s  th e  FID had  to  b e  tu n e d  s e p a r a t e ly  
f o r  e a c h  c a s e .
The s a m p le d -d a ta  p ro b lem  w as i n v e s t i g a t e d  w i th  th e  o p tim a l 
c o n t r o l  a p p ro a c h . I t  w as fo u n d  t h a t  th e  a p p ro x im a tio n s  o f  th e  
s a m p le d -d a ta  sy s te m  by  a  c o n t in u o u s  o n e , b y  a d d in g  a  p u re  tim e  
d e lay  e q u a l  t o  o n e - h a l f  th e  sa m p lin g  tim e  to  th e  sy s te m  d ead  t im e ,  
was n o t  e n t i r e l y  a c c e p ta b l e .  I n  f a c t ,  o n ly  a t  f a s t  sam p lin g  
r a t e s  d id  th e  s a m p le d -d a ta  r e s u l t s  a p p ro a c h  th o s e  o f  th e  
c o n t in u o u s  s y s te m , a l th o u g h  a t  h ig h e r  sa m p lin g  tim e s  th e  c o n t r o l l e r  
c o u ld  b e  r e tu n e d  w i th  l a r g e r  p v a lu e s  to  o b ta in  s t a b l e  r e s u l t s .  
T h is  f a i l u r e  o f  th e  d i s c r e t e  sy s te m  t o  p ro d u c e  r e s p o n s e s  com­
p a r a b le  t o  th o s e  o f  th e  c o n t in u o u s  sy s te m  ca n  b e  e x p la in e d  by 
th e  f a c t  t h a t  i n  th e  o p t im a l  c o n t r o l  f o r m u la t io n ,  c o n t in u o u s  
fe e d b a c k  o f  a l l  s t a t e  v a r i a b l e s  i s  r e q u i r e d .  S in c e  b o th  th e  
d i s c r e t i z i n g  o f  th e  c o n t r o l  and  a p p ro x im a tio n  e r r o r s  v i o l a t e  
th o s e  c o n d i t i o n s ,  i t  c o u ld  be  e x p e c te d  t h a t  t h i s  ap p ro ac h  m ig h t 
b r e a k  down.
N o m en c la tu re
S t a t e  v a r i a b l e  m a tr ix  
C o n tro l  m a t r ix  
S ystem  o u tp u t
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E r r o r ,  d i f f e r e n c e  b e tw ee n  o u tp u t  and  s e t  p o in t
C o n t r o l l e r  t r a n s f e r  f u n c t i o n
P la n t  o r  p ro c e s s  t r a n s f e r  f u n c t io n
C o s t f u n c t i o n  o r  in d e x  o f  p e rfo rm a n c e
S ystem  g a in
C o n tro l  g a in
C o n tro l  w e ig h t in g  p a ra m e te r  i n  c o s t  f u n c t io n  
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C h a p te r  4 
MULTIVARIABLE PROCESS CONTROL
I n  th e  d e s ig n  and  im p le m e n ta t io n  o f  c o n t r o l  sy s tem s  f o r  
th e  p r o c e s s  i n d u s t r i e s ,  many t im e s  a  s i n g l e - i n p u t ,  s i n g l e - o u t p u t  
s y s te m  i s  assum ed o r  im p l i e d . .  E x t e n s iv e  r e s e a r c h  h as  p ro d u ced  
t e c h n iq u e s  f o r  d e s i g n i n g  c o n t r o l  lo o p s  i n  w h ich  one in d e p e n d e n t  
v a r i a b l e  i s  m a n ip u la te d  i n  o r d e r  t o  c o n t r o l  one d e p en d e n t  
v a r i a b l e .  I n  r e a l i t y  h o w ev e r ,  v e r y  few exam ples  o f  t h i s  ty p e  o f  
s y s te m  e x i s t ,  w i t h  m ost p r o c e s s e s  h a v in g  two o r  more i n p u t s  
and o u t p u t s . T h e re  h a s  u n t i l  r e c e n t l y  b e e n  r e l a t i v e l y  l i t t l e  
t h e o r y  d e v e lo p e d  f o r  t h e  d e s i g n  o f  c o n t r o l  c o n f i g u r a t i o n s  
f o r  t h e  m u l t i v a r i a b l e  c a s e s  b e c a u s e  o f  t h e  i n t e r a c t i o n  among 
t h e  i n d i v i d u a l  l o o p s .  I n  f a c t ,  t h e r e  was r e a l l y  no c r i t e r i o n  f o r  
c h o o s in g  w h ich  m a n ip u la t e d  v a r i a b l e s  w ere  t o  be  u sed  i n  c o n t r o l l i n g  
w h ich  c o n t r o l  v a r i a b l e s .  The c o r r e c t  p a i r i n g  o f  c o n t r o l l e d  and 
m a n ip u la te d  v a r i a b l e s  i s  im p o r t a n t  i n  o r d e r  t o  o b t a i n  a d e s i r e d  
o r  even  a  s t a b l e  p r o c e s s  r e s p o n s e .
I n  t h i s  c h a p t e r  a  method o f  d e s i g n i n g  c o n t r o l  lo o p s  by 
p r o p e r l y  p a i r i n g  t h e  c o n t r o l  and  m a n ip u la te d  v a r i a b l e s  u s in g  
B r i s t o l ' s  (1 )  m easu re  o f  i n t e r a c t i o n  i s  p r e s e n t e d .  The p r o ­
c e d u re  i s  i n v e s t i g a t e d  by means o f  CHESS, a  s t e a d y - s t a t e  
c h e m ic a l  p r o c e s s  s i m u l a t i o n  p rog ram  ( 5 ) .  A lso  t h e  i n t e r a c t i o n
in d e x  a s  d e f in e d  by  N i s e n f i e l d  and S c h u l t z  (7) i s  c a l c u l a t e d  
f o r  an  exam ple p ro b lem . F i n a l l y ,  t h e  method i s  a p p l i e d  t o  
c o u p le d  f i r s t - o r d e r  l a g  p lu s  dead  t im e  sy s te m s  i n  o r d e r  t o  
i l l u s t r a t e  t h e  e f f e c t s  o f  dynam ics  on th e  d e s i g n  p r o c e d u r e .  
M u l t i v a r i a b l e  System s
Most sy s tem s  i n  th e  p r o c e s s  i n d u s t r i e s  t h a t  a r e  t o  be 
c o n t r o l l e d  can  b e  r e p r e s e n t e d  by th e  sy s te m  i n  F ig u r e  
4 . 1 .  I t  i s  d e s i r e d  t h a t  each  o f  t h e  c o n t r o l l e d  v a r i a b l e s  be  
m a in ta in e d  w i t h i n  a  c e r t a i n  v a l u e  and t o  a c c o m p l i sh  t h i s  t h e  
in d e p e n d e n t  v a r i a b l e s  have  t o  b e  m a n ip u la te d  b y  e i t h e r  a n  o p e r a t o r  
o r  an  a u to m a t i c  c o n t r o l l e r .  D epending  on t h e  n a t u r e  o f  t h e  
p r o c e s s ,  t h e r e  u s u a l l y  e x i s t s  i n t e r a c t i o n  among t h e  in d e p e n d e n t  
and d e p e n d e n t  v a r i a b l e s .  I n  o t h e r  w o rd s ,  t h e r e  i s  no o n e - to - o n e  
c o r re s p o n d e n c e  b e tw een  any  in d e p e n d e n t  and d e p e n d e n t  v a r i a b l e  and  
a  change  i n  any  o f  th e  m a n ip u la te d  v a r i a b l e s  w i l l  c a u s e  ch an g e s  
i n  a l l  o f  th e  c o n t r o l l e d  v a r i a b l e s .  I n  an  i d e a l  s i t u a t i o n  a l l  
v a r i a b l e s  w ould  b e  " d e c o u p le d " ;  t h a t  i s ,  e a c h  m a n ip u la te d  
v a r i a b l e  a f f e c t s  o n ly  one c o n t r o l l e d  v a r i a b l e .  Then t h e  sy s te m  
c o u ld  be  re d u c e d  t o  a  number o f  s i n g l e - i n p u t , s i n g l e - o u t p u t  lo o p s .  
However, most sy s tem s  do c o n t a i n  some d e g re e  o f  i n t e r a c t i o n  and 
t h i s  i n t e r a c t i o n  i s  a  m a jo r  f a c t o r  i n  d e s i g n i n g  th e  c o n t r o l  
sy s te m .  C o n s id e r  t h e  f o l lo w in g  two in p u t - tw o  o u t p u t  p r o c e s s  
and i t s  c o n t r o l  scheme ( F ig u r e  4 . 2 ) .
>■
In d e p e n d e n t
(m a n ip u la te d
v a r i a b l e s )
P r o c e s s D ependent(controlled  
v a r ia b le s)
* *
Disturbance
(uncontrolled
v a r ia b le s)
Figure 4 . 1 .  Typical m u ltiv a fia b le  system
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P r o c e s sS e t
P o i n t
S e t
£ a i C o n t r o l l e r
C o n t r o l l e r
V-
F i g u r e  4 . 2 .  C lo se d  lo o p  c o n t r o l  o f  s y s te m  w i t h  two i n p u t s /  
two o u t p u t s .
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The d i a g o n a l  a r ro w s  i n  t h e  p r o c e s s  r e p r e s e n t  t h e  i n t e r a c t i o n  
te rm s  and  i f  th e y  w ere  n e g l i g i b l e ,  two d e c o u p le d  lo o p s  would  
e x i s t .  I n  t h e  d e s i g n  o f  t h e  above  s y s te m ,  some c r i t e r i a  had to  
b e  a p p l i e d  i n  o r d e r  t o  d e te r m in e  t h a t  t h e  m a n ip u la te d  v a r i a b l e  
w ou ld  be  u s e d  t o  c o n t r o l  and  t h a t  w ould  r e g u l a t e  C2 * In  
some a p p l i c a t i o n s  an  o p e r a t o r  who i s  f a m i l i a r  w i t h  th e  p r o c e s s  
m ig h t  be  a b l e  t o  p a i r  t h e  v a r i a b l e s . s a t i s f a c t o r i l y  on th e  b a s i s  o f  
p a s t  e x p e r i e n c e ,  b u t  w i t h  a  new o r  com plex  p r o c e s s  t h i s  may n o t  
be  p o s s i b l e .  T h u s ,  a  t e c h n iq u e  was needed  i n  o r d e r  t o  d i c t a t e  t o  
th e  d e s i g n e r  how t o  p a i r  t h e  v a r i a b l e s  f o r  m u l t i v a r i a b l e  s y s te m s .
The m ethod t h a t  w i l l  b e  p r e s e n t e d  h e r e  i s  b a se d  on th e  
r e l a t i v e  p r o c e s s  g a i n  m a t r i x  a s  d i s c u s s e d  by  S h in s k e y  ( 9 ) .
The d e v e lo p m e n t  o f  t h e  th e o r y  b e h in d  t h i s  m a t r i x  may be  e x p la in e d  
by  two s i m i l a r  l i n e s  o f  t h o u g h t .  S h in s k e y  (9) d e f i n e s  t h e  m easure  
cf i n t e r a c t i o n  f o r  m u l t i v a r i a b l e  p r o c e s s e s  i n  w h ich  th e  e le m e n ts  
o f  t h e  m a t r i x  a r e  a  r a t i o  o f  open lo o p  t o  c l o s e d  lo o p  s t e a d y  
s t a t e  g a i n s .  T h is  m easu re  i s  r e a l l y  b a s e d  on th e  d e s ig n  t e c h n iq u e  
p r e s e n t e d  b y  B r i s t o l  ( 1 ) .  B r i s t o l  s t a t e s  t h a t  s i n c e  a l l  e le m e n ts  
hav e  t o  b e  com pared  t o  eac h  o t h e r ,  t h e y  have  t o  be n o rm a l iz e d  i n  
o r d e r  t o  remove t h e i r  dep en d en cy  on t h e i r  p a r t i c u l a r  u n i t s .  The 
method u s e d  t o  n o r m a l iz e  t h e  open lo o p  m a t r i x  r e s u l t s  i n  th e  same 
m a t r i x  a s  d e f i n e d  by  S h in s k e y .  A lth o u g h  th e  r e a s o n in g  b e h in d  th e  
d e v e lo p m e n t  o f  t h i s  m a t r i x  i s  s l i g h t l y  d i f f e r e n t ,  t h e  a c t u a l  
d e t e r m i n a t i o n  o f  t h e  n u m e r ic a l  v a l u e s  o f  t h e  e le m e n t s  i n  th e  
m a t r i x  w i l l  b e  e x a c t l y  t h e  sam e. From th e  v a l u e s  o f  t h e  e le m e n ts
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an  i n d i c a t i o n  o f  th e  r e l a t i o n s h i p  o r  i n t e r a c t i o n  among th e  v a r i o u s  
v a r i a b l e s  can  be  o b s e r v e d .  T h is  w i l l  make i t  p o s s i b l e  f o r  someone 
t o  d e s ig n  a  c o n t r o l  scheme w i t h  t h e  b e s t  p o s s i b l e  a r ra n g e m e n t  
o r  p a i r i n g  o f  v a r i a b l e s .  N i s e n f i e l d  and  S c h u l t z  (7) u s e  t h e  
e le m e n t s  o f  t h e  r e l a t i v e  g a i n  m a t r ix  i n  t h e i r  d e f i n i t i o n  o f  
t h e  i n t e r a c t i o n  in d e x  w hich  i s  an  i n d i c a t i o n  o f  w h e th e r  a \ p a r ­
t i c u l a r  v a r i a b l e  p a i r i n g  w i l l  p ro d u c e  s t a b l e  o r  u n s t a b l e  r e s p o n s e s ,  
F o r  th e  w o r s t  p o s s i b l e  dynam ic c a s e ,  an  i n t e r a c t i o n  in d e x  o f  
l e s s  th a n  u n i t y  ( a b s o l u t e  v a l u e )  d e n o te s  a  s t a b l e  c o n f i g u r a t i o n .  
R e l a t i v e  P r o c e s s  G ain
I n  B r i s t o l ' s  d e v e lo p m e n t ,  t h e  e le m e n ts  o f  t h e  r e l a t i v e  
p r o c e s s  g a i n  m a t r i x  a r e  d e f i n e d  a s
_ bC./bM. , M
i j  bC./bM. , ( 4 .1 )
3  I C
w here
X . .  -  r e l a t i v e  p r o c e s s  g a in s  
= c o n t r o l l e d  v a r i a b l e s  
M. = m a n ip u la te d  v a r i a b l e s
The numerator or open loop gain i s  a change in  an output variab le  
when one o f the input var ia b les  i s  changed and the other manipu­
la ted  v a r ia b les  are held  con stan t. The denominator or closed  
loop gain i s  a change in  one o f the con tro lled  variab les divided
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by the corresponding change in  an input v ariab le  w ith the 
remainder o f the co n tro lled  v a r ia b les  held con stan t. Thus, the 
d e f in it io n  represents the open loop response divided by the 
closed  loop response. Another important property o f th is  matrix 
i s  that the expression  i s  d im ensionless and normalized w ith  the 
sum of any row or column equal to  one. This c h a r a c te r is t ic  
makes i t  unnecessary to  c a lc u la te  every element in  the matrix 
or can be a h e lp fu l check to  see  i f  the elem ents were determined 
c o r r e c t ly . The feature o f being dim ensionless in d ica tes  that a l l  
elem ents are comparable and in feren ces o f th e ir  r e la t iv e  s iz e s  
can be made. Other p rop erties  o f the measure can be found 
by re ferr in g  to  the o r ig in a l work of B r is to l .
The s iz e s  o f the elem ents o f the r e la t iv e  gain matrix 
suggest to  the designer severa l fa c ts  about the process in v e stig a te d . 
F ir s t ,  larger values denote stronger dependency of a con tro lled  
v ariab le  due to  that p a rticu la r  manipulated v a r ia b le . This i s  the 
b a sis  o f the design technique, that v a r ia b les  w ith the la rg est  
p o s it iv e  r e la t iv e  gains should be paired for c losed  loop co n tro l.
This w i l l  y ie ld  the con figu ration  that maximizes the p ro b a b ility  
o f being able to  obtain  good c o n tro l. A r e la t iv e  gain approaching 
zero in d ica tes  a co n tro lled  v a r ia b le  that i s  in se n s it iv e  to  
any change in  the corresponding manipulated v a r ia b le . Systems in  
which there e x is t  one or more loops that can be decoupled w i l l  
have a r e la t iv e  gain matrix contain ing "ones" and "zeroes".
In  some c a s e s  a  d e s i g n e r  m ig h t be  unaw are  t h a t  such  a  lo o p  e x i s t s  
i f  th e  p r o c e s s  c o n t a i n s  many p o s s i b l e  c o m b in a t io n s  o f  v a r i a b l e s  
and no p r e v io u s  i n f o r m a t i o n  i s  a v a i l a b l e .  A ls o  b r o u g h t  t o  l i g h t  
a r e  c o m b in a t io n s  t h a t  p ro d u c e  u n s t a b l e  r e s p o n s e s  and  a r e  u n co n ­
t r o l l a b l e  r e g a r d l e s s  o f  c o n t r o l l e r  s e t t i n g s .  T hese  p a i r i n g s  
a r e  r e p r e s e n t e d  by  n e g a t i v e  r e l a t i v e  g a i n s  an d  m ust b e  a v o id e d  
by  t h e  c o n t r o l l e r  d e s i g n e r .  O th e r  i n f e r e n c e s  t h a t  can  b e  made 
w i t h  th e  m a t r i x  a r e  t h e  v a l u e s  f o r  c o n t r o l l e r  s e t t i n g s .  T un ing  
c o n t r o l l e r s  f o r  i n t e r a c t i n g  lo o p s  i s  q u i t e  d i f f i c u l t  and S h in s k e y  
s u g g e s t s  a  method o f  u s i n g  t h e  r e l a t i v e  g a i n s  t o  d e te rm in e  
c o n t r o l l e r  s e t t i n g s  w h ich  w i l l  b e  d i s c u s s e d  i n  t h e  s e c t i o n  
c o n c e r n in g  d y n a m ic s .
An exam ple t o  i l l u s t r a t e  t h e  m e ch an ic s  o f  d e t e r m in i n g  th e  
r e l a t i v e  g a i n  m a t r i x  i s  t h e  b l e n d i n g  s y s te m  shown i n  F ig u r e  4 . 3 .  
Two s t r e a m s  w i t h  f lo w  r a t e s  Y and Z l b s / h r  a r e  mixed to  form 
a p r o d u c t  s t r e a m  o f  c o m p o s i t io n  X and  f le w  r a t e  F .  The two 
in d e p e n d e n t  o r  m a n ip u la te d  v a r i a b l e s , Y and Z a r e  t o  c o n t r o l  t h e  
two d e p e n d e n t  v a r i a b l e s  F and. X. I t  m ust b e  d e c id e d  t o  w hich  
v a l v e  t h e  f lo w  and c o m p o s i t io n  c o n t r o l l e r s  w i l l  be  c o n n e c te d .
The e q u a t io n s  f o r  t h e  above  p r o c e s s  a r e :
O v e r a l l  m a t e r i a l  b a l a n c e :  F = Y +  Z ( 4 .2 )
M a t e r i a l  b a l a n c e  on
com ponent Y ( 4 .3 )
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F ig u r e  4 . 3 .  D iagram  f o r  B le n d in g  System .
81
From th ese two equations, the elements o f the r e la t iv e  gain  
matrix are ca lcu la te d . From the d e f in it io n  o f the matrix 
equation 4 .1  w i l l  look l ik e :
x
M ,
bY I
bF
bY
bx
bY
bx i 
bY I
bF,
M l
bF
bz
bx
bZ
bx
bZ
(4 .4 )
From the system equations
F = Y + Z => M i = 1 bF j bZ I = 1
x  = z ^  =>
bx
bY
Z
(Z+Y) 2
_Z_
.2
1-x
F
M l  
bz I (Z+Y)
_Y _ x 
„2 “ F
By rearrangement
S u b s t i t u t i n g  i n t o  e q u a t i o n  4 . 4  y i e l d s  t h e  r e l a t i v e  g a in  m a t r ix  
f o r  t h i s  s y s te m .
1-x
1 -x
( 4 .5 )
As c a n  b e  s e e n  t h e  v a l u e  o f  t h e  m a t r ix  depends  on t h e  o p e r a t in g  
l e v e l  o f  t h e  p r o c e s s .  F o r  s m a l l  c o n c e n t r a t i o n s  o f  Y, t h e  f low  
r a t e  F i s  more r e s p o n s i v e  t o  c h an g e s  i n  Z w h i le  t h e  o v e r a l l  
c o n c e n t r a t i o n  d epends  l a r g e l y  on Y. F o r  c o n c e n t r a t i o n s  g r e a t e r  
t h a n  0 .5  t h e  r e v e r s e  i s  t r u e  and  when x e q u a l s  0 . 5 ,  F and x a r e  
e q u a l l y  a f f e c t e d  by  b o th  t h e  m a n ip u la te d  v a r i a b l e s .  The r e a s o n  f o r  
t h i s  depen d en cy  on o p e r a t i n g  l e v e l  i s  t h a t  th e  p r o c e s s  e q u a t io n s  a r e  
n o n l i n e a r  r e s u l t i n g  i n  a  r e l a t i v e  g a i n  m a t r ix  t h a t  i s  n o t  c o n s t a n t  
and i s  a  f u n c t i o n  o f  t h e  s y s te m  p a r a m e t e r s .  T h is  f a c t  w i l l  
become im p o r t a n t  l a t e r  when t h e  d e r i v a t i v e s  w i l l  be  changed to
d ifferen ce  equations. The perturbations for these d ifferen ce  
equations must be kept as sm all as p o ss ib le  so that the 
d e f in it io n s  w i l l  s t i l l  hold even though a n on-linear process i s  
being in v e st ig a te d . A lso the r e su lts  above d isp la y  the proper­
t i e s  that the r e la t iv e  gain matrix i s  d im ensionless and the sum 
o f any row or column i s  equal to  one.
In the above example the process equations were a v a ila b le  
and the r e la t iv e  gain matrix was a n a ly t ic a lly  ca lcu la ted  
d ir e c t ly  from i t s  d e f in it io n ,  which was in  terms of p a r t ia l  
d e r iv a t iv e s . However, many times these equations are not known 
and a p h ysica l system  has to  be in v estig a ted  experim entally  or 
by analog or d ig i ta l  s im u lation . The fo llow in g  d iffe re n c e  form 
o f the d e f in it io n  could then be ap p lied .
ffi I
AM. L  
h i  "  AC^
“ j  'C
When studying th ese systems the open loop or steady s ta te  gains  
o f the manipulated v a ria b les  are r e la t iv e ly  easy to c a lc u la te .  
The co n tr o lle r s  are placed on manual and each o f the manipulated 
v a r ia b les  are perturbed. Their e f f e c t  on each o f the co n tro lled  
v a r ia b les  can then be recorded and the gains obtained from the
n u m e ra to r  o f  e q u a t i o n  4 . 6 .  An im p o r t a n t  p o i n t  t o  remember i s  
t h a t  s m a l l  ch an g e s  m ust be  made i n  o r d e r  t o  e l i m i n a t e  o r  r e d u c e  
th e  e f f e c t  o f  n o n l i n e a r  te rm s  o f  t h e  p r o c e s s .  T h i s  t e c h n iq u e  
i s  e s s e n t i a l l y  a  l i n e a r i z a t i o n  p r o c e d u r e  a ro u n d  an  o p e r a t i n g  
p o i n t  and  a s  th e  p e r t u r b a t i o n s  a p p r o a c h - z e r o ,  th e  d i f f e r e n c e  
e q u a t i o n s  4 .6  a p p ro a c h  th o s e  f o r  t h e  d e r i v a t i v e s  ( e q u a t i o n  4 . 1 . ) .  
The c l o s e d  lo o p  g a i n s  o r  d e n o m in a to r s  o f  e q u a t i o n  4 .6  a r e  found  
by  a  s i m i l a r  p r o c e d u r e .  The c o n t r o l l e r s  a r e  p la c e d  on a u to m a t i c  
and  th e  s e t  p o i n t s  o f  each  o f  t h e  c o n t r o l l e d  v a r i a b l e s  a r e  
p e r t u r b e d .  A f t e r  s t e a d y  s t a t e  i s  r e a c h e d ,  t h e  c o r r e s p o n d in g  
c hanges  i n  t h e  m a n ip u la te d  v a r i a b l e s  a r e  n o te d  and  t h e  d i f f e r e n c e  
e q u a t i o n  w i l l  y i e l d  th e  c l o s e d  lo o p  g a i n s .  E q u a t io n  4 .6  i s  
t h e n  a p p l i e d  w i t h  t h e  open lo o p  g a i n s  d iv i d e d  by  t h e  c l o s e d  
lo o p  g a i n s  t o  f i n d  th e  r e l a t i v e  g a i n  m a t r i x .
A lth o u g h  t h e  above p r o c e d u r e  i s  a  s t r a i g h t  fo rw a rd  a p p l i ­
c a t i o n  o f  th e  d e f i n i t i o n ,  t h e  r e l a t i v e  g a i n  m a t r i x  w ou ld  se ldom  be  
c a l c u l a t e d  i n  t h i s  m anner.  A f t e r  t h e  open  lo o p  s t e a d y  s t a t e  
g a i n s  have  b een  com pu ted ,  S h in s k e y  shows how a  s im p le  m a t r ix  
o p e r a t i o n  w i l l  y i e l d  t h e  r e l a t i v e  g a i n  m a t r i x .  I f  t h e  t r a n s p o s e  
o f  th e  i n v e r s e  o f  t h e  s t e a d y  s t a t e  g a i n  m a t r ix  i s  m u l t i p l i e d  te rm  
by te rm  w i t h  th e  o r i g i n a l  s t e a d y  s t a t e  m a t r i x ,  t h e  r e s u l t  w i l l  be 
th e  r e l a t i v e  g a in  m a t r ix .  T h is  may be  w r i t t e n  a s
85
w here
and
a r e  t h e  e le m e n ts  o f  t h e  r e l a t i v e  g a i n  m a t r ix  
a r e  t h e  e le m e n ts  o f  t h e  s t e a d y  s t a t e  g a i n  m a t r i x
-1  T
l = <m y
I t  i s  o b v io u s  t h a t  t h e  d e t e r m i n a t i o n  o f  t h e  r e l a t i v e  g a i n  m a t r i x  
i n  t h i s  manner i s  more p r a c t i c a l  b e c a u s e  few er  d i s t u r b a n c e s  and 
m easu rem en ts  hav e  t o  b e  made on t h e  p r o c e s s .  S h in s k e y  e x p l a i n s  
t h a t  t h e  d e s i r e d  m a t r i x  can  a l s o  b e  c a l c u l a t e d  w i t h  t h e  above 
t e c h n iq u e  w i t h  d a t a  from  c l o s e d  lo o p  t e s t s .  However, t h e  e le m e n ts  
o f  th e  M m a t r i x  m ust b e  i n v e r t e d  and  a r e  d e f in e d  a s  (AM^/AC..)|c 
i n s t e a d  o f  (AC^/AM^)|C* T h is  m a t r i x  c a n  th e n  b e  i n v e r t e d  and 
t r a n s p o s e d  an d  t h e  r e s u l t i n g  m a t r i x  m u l t i p l i e d  te rm  by  te rm  w i t h  
th e  o r g i n a l  M m a t r i x .  The p r o d u c t  w i l l  b e  t h e  r e l a t i v e  g a i n  
m a t r i x .  Many t im e s  f o r  a c t u a l  p r o c e s s e s  th e  c l o s e d  lo o p  t e s t s  
a r e  r u n  -because  t h e  v a l u e s  o f  t h e  c o n t r o l l e d  v a r i a b l e s  m ust 
r e m a in  w i t h i n  c e r t a i n  l i m i t s .
The I n t e r a c t i o n  In d e x
N i s e n f i e l d  and  S c h u l t z  make u s e  o f  t h e  e le m e n ts  o f  t h e  
r e l a t i v e  g a i n  m a t r i x  i n  t h e i r  d e f i n i t i o n  o f  t h e  i n t e r a c t i o n  in d e x .  
I t  i s  g iv e n  by t h e  e q u a t io n
x . l i h i
i j  X j ,  ( 4 .8 )
w here  I j j  i s  t h e  i n t e r a c t i o n  i n d e x  f o r  th e  c o n t r o l  v a r i a b l e  i  
and th e  m a n ip u la t e d  v a r i a b l e  j . The a r e  th e  r e l a t i v e  g a in s  
f o r  t h a t  v a r i a b l e  p a i r  a s  g iv e n  b y  e q u a t i o n  4 . 1 .  The i n t e r a c t i o n  
in d e x  i s  d e r i v e d  f ro m  t h e  g e o m e t r i c  p r o g r e s s i o n  t h e  sy s te m  
e x p e r i e n c e s  a f t e r  an  u p s e t  h a s  o c c u r r e d .  The open  and  c l o s e d  
lo o p  g a i n s  d e s c r i b e  how t h e  s y s te m  a t t e m p t s  t o  co m pensa te  f o r  
t h e  u p s e t .  T h ese  a r e  dynam ic r e s p o n s e s  o f  t h e  sy s te m  and th e  
p a r t i c u l a r  t im e  c o n s t a n t s  f o r  e a c h  lo o p  w i l l  d e te rm in e  e x a c t l y  
how f a s t  t h e  i n t e r a c t i n g  lo o p s  w i l l  r e a c t .  The i n t e r a c t i o n  in d e x  
assum es th e  w o r s t  p o s s i b l e  c a s e ;  t h a t  i s ,  e a c h  c o n t r o l l e r  t a k e s  
c o r r e c t i v e  a c t i o n  b e f o r e  t h e  i n t e r a c t i o n  e f f e c t  i s  d e t e c t e d .
The s e r i e s  o f  i n d i v i d u a l  r e s p o n s e s  c a n  b e  d e s c r i b e d  by
(N +l) AV
* i  ® i j  ( }
w here
cp^  -  v a l u e  o f  c o n t r o l  v a r i a b l e  i  a f t e r  N - l  h a l f - c y c l e s  
e = m a g n itu d e  o f  d i s t u r b a n c e  o r  u p s e t  
1 ^  = i n t e r a c t i o n  in d e x  o f  v a r i a b l e s  i , j  
N = number o f  h a l f - c y c l e s
As can  be s e e n ,  i f  t h e  a b s o l u t e  v a l u e  o f  t h e  i n t e r a c t i o n  in d e x  
i s  l e s s  th a n  o n e ,  t h e  r e s p o n s e  o f  t h e  p r o c e s s  w i l l  be  damped and 
e v e n t u a l l y  a p p ro a c h  z e r o .  I f  t h e  i n t e r a c t i o n  in d e x  e q u a l s  one
a  u n i f o r m i l y  o s c i l l a t i n g  s y s te m  e x i s t s  and in d e x e s  g r e a t e r  th a n  
one d e n o te  t h a t  t h e  u p s e t s  w i l l  b e  a m p l i f i e d  u n t i l  th e  l i m i t s  
o f  t h e  p r o c e s s  a r e  r e a c h e d .  C o n s e q u e n t ly ,  th e  i n t e r a c t i o n  in d e x  
may b e  i n c o r p o r a t e d  w i t h  S h i n s k e y 's  d e s ig n  te c h n iq u e  i n  two 
d i f f e r e n t  w a y s .  F i r s t ,  t h e  v a r i a b l e  p a i r i n g  w i th  th e  s m a l l e s t  
a b s o l u t e  in d e x  w i l l  p ro d u c e  r e s p o n s e s  w hich  a r e  more s t a b l e ,  
t e n d in g  t o  r e a c h  s t e a d y  s t a t e  i n  t h e  f e w e s t  number o f  c y c l e s .  
T h u s ,  t h e  c h o i c e  o f  v a r i a b l e  p a i r i n g  w i l l  b e  d e te rm in e d  by  th e  
s m a l l e s t  i n t e r a c t i o n  in d e x e s .  A l s o ,  t h e  in d e x  c a n  be  u s e d  t o  
p r e d i c t  t h e  number o f  c y c l e s  i t  w i l l  t a k e  f o r  t h e  p r o c e s s  t o  
r e a c h  some p a r t i c u l a r  l e v e l .  By s o l v i n g  e q u a t io n  4 . 9  f o r  N, 
t h e  number o f  c y c l e s  t h e  s y s te m  o s c i l l a t e s  b e f o r e  i t  i s  damped 
t o  a  s p e c i f i e d  v a l u e  can  be fo u n d .  T h is  i s  g iv e n  by
_  I n  tp -  I n  s  +  t  ( 4 .1 0 )
I n  I t j
w here
N i s  t h e  number o f  h a l f  c y c l e s  
e i s  t h e  i n i t i a l  d i s t u r b a n c e
I . ,  i s  t h e  i n t e r a c t i o n  in d e x  
i j
cp^  i s  t h e  s p e c i f i e d  l e v e l  o f  t h e  c o n t r o l l e d  v a r i a b l e
Dynamic Control
Up to  now a l l  that has been d iscussed  has d ea lt with steady-  
s ta te  c o n tr o l. This i s  alm ost an id e a liz ed  s itu a t io n  because in
r e a l  p r o c e s s e s  ev en  though  s t e a d y  s t a t e  w i l l  be  a c h ie v e d  f o r  
p e r i o d s  o f  t i m e ,  t h e r e  w i l l  a lw ay s  e x i s t  s y s te m  u p s e t s .  These  
u p s e t s  m ig h t  b e  i n  t h e  form  o f  s e t  p o i n t  c h an g e s  a s  im posed by  
th e  p r o c e s s  o p e r a t o r s  o r  u n c o n t r o l l e d  lo a d  ch an g e s  such  a s  
ch a n g in g  f e e d  r a t e s ,  l o s s  o f  c o o l i n g  w a t e r  c a p a c i t y  due t o  
a m b ie n t  t e m p e r a t u r e  c o n d i t i o n s ,  c h an g e s  i n  f e e d  c o m p o s i t io n ,  o r  
e v en  l o s s  o f  e q u ip m en t e f f i c i e n c y .  T hese  f a c t o r s  a p p e a r in g  
e i t h e r  o v e r  a  lo n g  p e r i o d  o f  t im e  o r  a s  i n s t a n t a n e o u s  s t e p  
f u n c t i o n s  w i l l  c a u s e  c h an g e s  i n  p r o c e s s  o p e r a t i n g  c o n d i t i o n s .
The c o n t r o l  s y s te m  m ust com p en sa te  f o r  t h e s e  ch a n g e s  and b r i n g  
t h e  s y s t e m 's  c o n t r o l l e d  v a r i a b l e s  b a c k  t o  t h e  d e s i r e d  l e v e l s .  
D u r in g  t h e s e  p e r i o d s  o f  t i m e ,  a  dynam ic c o n t r o l  p ro b le m  w i l l  
e x i s t  and i t  w i l l  b e  n e c e s s a r y  t o  d e te r m in e  how t h e  r e l a t i v e  
g a i n  m a t r ix  c a n  be  u se d  t o  p r e d i c t  r e s p o n s e s  f o r  t h e s e  s i t u a t i o n s .
T h ere  a r e  r e a l l y  two c a s e s  t h a t  a p p e a r  i n  t h e  i n v e s t i g a t i o n  
o f  dynamic c o n t r o l .  The f i r s t  i s  when a l l  t h e  e le m e n ts  o f  th e  
r e l a t i v e  g a i n  m a t r i x  a r e  b e tw een  t h e  v a l u e s  o f  0 and  1 . S h in s k e y  
s u g g e s t s  t h a t  t h i s  c a s e  i s  p ro d u c e d  f o r  s y s te m s  t h a t  can  be 
made s t a b l e  f o r  b o th  s t e a d y - s t a t e  and  dynam ic c o n t r o l ,  such  a s  
t h o s e  d e s ig n e d  o n ly  w i t h  m a t e r i a l  b a l a n c e  c o n t r o l  s t r a t e g y .  
Advanced c o n t r o l  t e c h n iq u e s  such  a s  v a r i a b l e  d e c o u p l in g  and 
m u l t i v a r i a b l e  c o n t r o l l e r  tu n in g  c a n  b e  a p p l i e d  t o  t h e s e  s y s te m s .  
The second  c a s e  a r i s e s  when some o f  t h e  e le m e n t s  o f  t h e  r e l a t i v e  
g a i n  m a t r ix  a r e  g r e a t e r  th a n  1 and th e  r e m a in d e r  a r e  n e g a t i v e .
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For th ese c a se s , the matrix in d ica tes  that both steady s ta te  and 
dynamic con tro l are im possible and that advanced contro l techniques 
cannot be applied  d ir e c t ly .  This case w i l l  be d iscussed  for a 
general f ir s t -o r d e r  la g  plus dead time model.
For sim ple con tro l system s, in  order to  determine values for  
c o n tr o lle r  constants a step  fu nction  can be applied  to  the 
independent v a r ia b le  and i t s  e f f e c t  on the dependent or con tro lled  
va ria b le  can be e s ta b lish e d . However, in  m u ltivariab le  system s, 
each independent v a r ia b le  u su a lly  a f fe c t s  each dependent variab le  
so that c o n tr o lle r  tuning becomes very d i f f i c u l t .  To remedy th is  
s itu a t io n  i t  has been proposed to  use decouplers in  order to  
force one input v a r ia b le  to  a f fe c t  only one output v a r ia b le .  
M athem atically, coupled and decoupled systems can be w r itten  as:
C = K M ( 4 .1 1 )
where C i s  the dependent variab le  vector of s iz e  i
M i s  the independent v a r ia b le  vector o f s iz e  j 
K i s  an i  x j matrix
I f  the system i s  l in e a r , the elem ents of K w i l l  be constants  
and i f  n o t,th ey  w i l l  be o f a more complex form. For decoupled 
systems only the diagonal terms o f the K matrix are non-zero whereas
for coupled system s, any element of K may be non-zero. Thus, 
the thought behind a decoupler i s  to  manipulate the system  
equations so th at each output w i l l  be dependent on only one input. 
In r e a l i t y  a l l  that i s  being done in  the decoupler i s  reversin g  
the process equations which forces the decoupler equations to  be 
o f the same form m athem atically as the process eq u ation s. For 
th is  reason , i f  a complex process i s  being in v e stig a te d , the  
decoupler w i l l  a lso  be complex. An example of how to  obtain  
a s te a d y -s ta te  decoupler w i l l  be presented la te r .
Tuning r e la tio n sh ip s  are w e ll esta b lish ed  for  s in g le - in p u t,  
sin g le-o u tp u t system s. However, q u ite  a d if fe r e n t  p ictu re  e x is t s  
for m u ltivariab le  p ro cesses . For most processes that c o n s is t  o f  
two loop s, one that rea cts  fa s t  and the other that responds slow , 
the approach i s  to  tune the fa s t  loop as t ig h t  as p o ss ib le  and 
the slow loop rather lo o se . Tuning i s  performed on one loop  
w h ile  the other i s  placed in  the manual p o s it io n . The theory  
or reasoning behind th is  approach i s  that the fa s t  loop i s  
a ffe c ted  very l i t t l e  by the coupling and can be co n tro lled  very  
c lo s e .  The slow loop on the other hand i s  more s e n s it iv e  to  
changes and cannot be regu lated  c lo s e ly .  Shinskey presents  
a tuning technique for m u ltivariab le systems using the r e la t iv e  
gain m atrix, somewhat compensating for v a r ia b le  in te r a c tio n .
Each loop i s  tuned sep arate ly  as described p rev io u sly . Then 
the co n tr o lle r  gains are reduced by m ultip lying each by the
c o r r e s p o n d in g  e le m e n t  o f  th e  r e l a t i v e  g a in  m a t r ix .  S in c e  th e  
r e l a t i v e  g a in  m a t r ix  i s  d e f in e d  a s  th e  r a t i o  o f  open lo o p  to  
c lo s e d  lo o p  g a i n s ,  t h i s  p r o c e d u r e  m igh t a p p e a r  r e a s o n a b l e .  How­
e v e r ,  th e  t e c h n iq u e  b r e a k s  down when v a l u e s  f o r  t h e  r e l a t i v e  g a in  
m a t r i x  a r e  g r e a t e r  th a n  u n i t y .  As e x p la in e d  p r e v i o u s l y ,  r e l a t i v e  
g a i n s  g r e a t e r  th a n  one a r e  accom pan ied  by  n e g a t i v e  r e l a t i v e  g a in s  
i n d i c a t i n g  dynam ic i n s t a b i l i t y .  I n  o r d e r  t o  c o n t r o l  a  s y s te m  o f  
t h i s  fo rm , c a r e  m ust be ta k e n  t o  r e d u c e  c o n t r o l l e r  g a i n s  ( l o o s e n  
c o n t r o l )  in  o r d e r  t o  p ro d u c e  s t a b l e  r e s p o n s e s .
M u l t i v a r i a b l e  C o n t r o l  o f  a n  A b s o r b e r - S t r i p p e r  P ro c e s s  -  
S te a d y  S t a t e  Case
A s y s t e m a t i c  a n a l y s i s  o f  a l l  v a r i a b l e s  m ust be made in  
o r d e r  t o  p r o p e r l y  d e s ig n  a  c o n t r o l  sy s te m  f o r  com plex m u l t i -  
v a r i a b l e  p r o c e s s e s .  A l l  p o s s i b i l i t i e s  o f  c o n t r o l l e d  and  m a n i­
p u l a t e d  v a r i a b l e s  s h o u ld  be  l i s t e d  a l o n g  w i th  a n y  d i s t u r b a n c e s  
t h a t  m ig h t  e n t e r  i n t o  th e  c o n t r o l  lo o p s .  Then a  s tu d y  t o  d e t e r ­
mine th e  e f f e c t s  o f  ea c h  o f  t h e  m a n ip u la te d  v a r i a b l e s  upon eac h  o f  
th e  c o n t r o l l e d  v a r i a b l e s  by means o f  a  s i m u l a t i o n  p rog ram  o r  by 
e x p e r im e n ts  upon th e  a c t u a l  s y s te m  h as  t o  f o l lo w .  T hese  e f f e c t s  
a lo n g  w i t h  th e  v a r i a b l e  i n t e r a c t i o n s  w i l l  n e x t  be i n t e r p r e t e d  
u t i l i z i n g  th e  m easure  known a s  t h e  r e l a t i v e  g a i n  m a t r i x .  From 
th e  v a l u e s  o f  t h i s  m a t r i x  th e  d e s i g n e r  i s  a b l e  t o  c o r r e c t l y  p a i r  
m a n ip u la te d  and  c o n t r o l l e d  v a r i a b l e s .  A l s o ,  t h e  r e l a t i v e  g a in
matrix i s  used to  c a lcu la te  an in te r a c tio n  index for each pair  
o f variab les  from which an in d ica tio n  o f the s t a b i l i t y  o f  the 
loop w i l l  be obtained.
The p r o c e s s  i n v e s t i g a t e d  h e r e  i s  an  a h s o r p t i o n - s t r i p p i n g  
o p e r a t i o n  i n  w h ich  m ethane i s  removed f ro m  n a t u r a l  g as  b y  th e  
a b s o r p t i o n  o f  t h e  h e a v i e r  com ponents  o f  t h e  n a t u r a l  g as  i n t o  a  
l e a n  o i l .  The l e a n  o i l  i s  r e g e n e r a t e d  i n  a  d i s t i l l a t i o n  column, 
th e  l i g h t e r  g a s e s  r e c o v e re d  from th e  column o v e rh e a d  and  th e  le a n  
o i l  b e in g  th e  b o ttom s  p r o d u c t .  The e n t i r e  c o n f i g u r a t i o n  o f  th e  
p r o c e s s  a l o n g  w i t h  t h e  c o n d i t i o n s  o f  t h e  fe e d  s t r e a m s  i s  g iv e n  in  
F ig u r e  4.-4 and T a b le  IV -1.
This system w i l l  be stud ied  by means o f  CHESS, a Chemical 
Engineering System Sim ulation program. The program i s  composed 
o f separate modules, each rep resenting a d iffe r e n t  u n it  operation  
The user s p e c if ie s  to  the program how th ese modules should be 
arranged by connecting them w ith  process stream s. The input 
streams must be sp e c if ie d  w ith  a l l  necessary stream co n d itio n s . 
CHESS w i l l  then so lv e  for interm ediate and product streams 
using the steady s ta te  m aterial and energy balances w ith in  
each process module. Since most chem ical processes contain  
recy c le  loops that are unknown or dependent on other v a r ia b le s , 
the user w i l l  be unable to  sp e c ify  th ese  stream s. In th ese  cases  
the program employs an i t e r a t iv e  scheme, assuming unknown values  
and ite r a tin g  u n t i l  a l l  loops converge.
L i g h t  Ends
P ro d u c t
C o m p o s i t io n -
C o n t r o l l e d
V a r i a b l e
C ondenserPump
F l a s h
[ivide:
V a lve
C o m p o s i t io n  -  
C o n t r o l l e d  V a r i a b l e
Flow -
M a n ip u la te d
V a r i a b l eFeed
S e a t  \  
E xchangerM ixer
T em p era tu re  - 
M a n ip u la te d  V a r i a b l e
Lean  O i l  S to r a g e
F ig u r e  4 . 4 .  A b s o r b e r - s t r i p p e r  n a t u r a l  gas  p r o c e s s .
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T a b le  IV -1 
S tre a m  C o n d i t io n s  f o r  
A b s o r b t i o n - S t r i p p e r  P ro c e s s
Gas Feed S tre a m :
M ethane
E th a n e
P ro p an e
I - B u ta n e
N-Hexane
T e m p e ra tu re
P r e s s u r e
2 4 .0  l b - m o l e s / h r  
1.0
1.0
0 .6
0 .4
2 7 .0  l b - m o l e s / h r  
550°R
300 PSIA
L ean  O i l  F eed :
N -T e t r a d e c a n e  1 8 .0  l b - m o l e s / h r
T e m p e ra tu re  = 5 5 0 °R 
P r e s s u r e  = 300 PSIA
95
F o r  t h i s  s t u d y  t h e  v a r i a b l e s  t o  b e  c o n t r o l l e d  w i l l  b e  th e  
a b s o r b e r  o v e rh e a d  and  d i s t i l l a t i o n  colum n o v e rh e a d .  The f lo w  
r a t e  o f  l e a n  o i l  and  r e b o i l e r  t e m p e r a t u r e  a r e  c h o s e n  t o  b e  th e  
m a n ip u la te d  v a r i a b l e s .  The CHESS p rog ram  a l lo w s  th e  u s e r  t o  
s p e c i f y  b o th  o i l  f lo w  r a t e  and  r e b o i l e r  t e m p e r a t u r e  a lo n g  w i t h  
o t h e r  in d e p e n d e n t  v a r i a b l e s  i n  t h e  p ro b le m  w h ich  w i l l  be  
c o n s id e r e d  c o n s t a n t .  The p r o p e r  p a i r i n g  o f  t h e s e  v a r i a b l e s  
f o r  c o n t r o l  w i l l  b e  d e te rm in e d  from  th e  v a l u e s  o f  t h e  r e l a t i v e  
g a i n  m a t r i x .  The m a t r i x  w i l l  b e  com puted  from  t h e  open  lo o p  
g a i n s  M from  w h ich  m a t r i x  m a n i p u l a t i o n  w i l l  y i e l d  t h e  d e s i g n  
m a t r i x .  I n  o r d e r  t o  o b t a i n  t h e  open  lo o p  g a i n s  t h r e e  com pu te r  
r u n s  h av e  t o  be  made. The f i r s t  w i l l  b e  t h e  b a s e  r u n  and  th e  o t h e r  
two r u n s  w i l l  h av e  eac h  o f  t h e  m a n ip u la te d  v a r i a b l e s  p e r t u r b e d .  
T h u s ,  t h e  e f f e c t  o f  eac h  in d e p e n d e n t  v a r i a b l e  i s  m easured  and 
t h e  s t e a d y  s t a t e  g a i n s  c a l c u l a t e d .  The ab o v e  p ro c e d u r e  was 
fo l lo w e d  and  th e  r e s u l t s  o b t a in e d  b y  c h a n g in g  t h e  l e a n  o i l  f lo w  
r a t e  from  18 t o  20 l b - m o l e s / h r  and  t h e  r e b o i l e r  t e m p e r a t u r e  
f rom  8 0 0 °R t o  9 0 0 °R a r e  i n  T a b le  IV -2 .  V a lu es  f o r  t h e  -concen ­
t r a t i o n  a r e  b ased  oh t h e  mole f r a c t i o n  o f  t h e  heavy  o i l .
The s t e a d y  s t a t e  g a in s  d e f in e d  a s  AC/AM|m can  be e a s i l y  
c a l c u l a t e d  from  t h e  above  r e s u l t s .  I f  t h e  c o n c e n t r a t i o n  o f  
l e a n  o i l  i n  t h s  a b s o r b e r  o v e rh ea d  i s  d e f in e d  a s  x^ and t h a t  i n  
th e  o v e rh ea d  p r o d u c t  o f  th e  d i s t i l l a t i o n  column a s  x ^  th e  .. 
s t e a d y  s t a t e  g a in s  may be  w r i t t e n  a s :
T a b le  IV -2 
S te a d y  S t a t e  C o n c e n t r a t i o n s  o f  th e  
C o n t r o l l e d  V a r i a b l e s
A b s o rb e r  OVHD
-4
BaEe Run .2 0 0 5 (1 0  )
L ean  O i l  = 20 lb / m o le s  .2 0 1 0 (1 0  4 )
R e b o i l e r  T = 9 0 0 °R .1 9 8  (1 0 “4 )
D is t i l la t io n  OVHD
.435
.476
.212
Flow Temperature
Ax.
AT1
(4 . 12)
Ax,
2
The elem ents are found
^ 1  | .2 0 1 (1 0 ~ 4 ) -  .2 0 0 5 (1 0 ~ 4 ) _ 2 5 (1 0 ) '
AF * ™ 2
^ 2  I = .476 -  .435 = 2 . 0 5 ( 1 0 ) " 2
AF I T 2
**1 I _ . 1 9 8 (1 0 )~ 4 -  . 2 0 0 5 (1 0 ) " *  o q / i m " 9
AT I 100 - 2 . 5 ( i u ;
F
' 21100 ~435 -  - 2 - 23 ( 10)' 3
or
M = 2 . 5 ( 1 0 ) " 8 - 2 . 5 ( 1 0 ) “ 9
2 .0 5 ( 1 0 ) "2 - 2 .2 3 ( 1 0 ) ”3
From e q u a t i o n  4 . 7  t h e  r e l a t i v e  g a i n  m a t r ix  i s  fo u n d  b y  i n v e r t i n g  
and  t r a n s p o s i n g  M
( M - V  = (+51 .25  -  5 5 .7 5 )1 0 ■12
- 2 . 2 3 (1 0 )"3 - 2 . 0 5 ( 1 0 )"2
2 . 5 ( 1 0 ) “ 9  2 . 5 ( 1 0 ) " 8
The r e l a t i v e  g a i n  m a t r i x  from 4 . 7  i s
X .  .  = M. . *  (M. Z 1) 1 
i j  i j  i j
X  =
4 .5 ( 1 0 ) -12
-5 .5 7 5 ( 1 0 )
5 .1 2 5 (1 0 )
•11
-11
5 .1 2 5 (1 0 )
- 5 .5 7 5 ( 1 0 )
■11
-11
1 2 .4
■11.4
- 1 1 .4
1 2 .4
o r
Flow T e m p e ra tu re
x . 1 2 .4 - 1 1 .4
- 1 1 .4 1 2 .4
From t h e s e  v a l u e s  and  t h e  d e s i g n  c r i t e r i a ,  one s h o u ld  p a i r  
t h e  a b s o r b e r  o v e rh e a d  c o m p o s i t io n  w i t h  t h e  l e a n  o i l  f lo w  and  
t h e  d i s t i l l a t i o n  column o v e rh e a d  c o m p o s i t io n  w i t h  t h e  r e b o i l e r
99
tem perature. This combination would probably have been decided  
on anyway but the r e la t iv e  gain matrix s e t t l e s  any doubt. The 
n egative  s ig n s  in  the m atrix suggest that the p airing  of lean  
o i l  flow  and absorber overheads w i l l  form a system  that i s  
im possib le to  co n tr o l. This fa c t  i s  important in  cases where the 
v a r ia b le  p a irin g  i s  not obvious.
I t  m ig h t  a l s o  b e  h e l p f u l  t o  c a l c u l a t e  t h e  i n t e r a c t i o n  in d e x  
f o r  t h i s  s y s te m .  From e q u a t i o n  4 . 8  t h e  i n t e r a c t i o n  in d e x  i s  
g iv e n  by
I = 1
i j  ^
Since th is  i s  a two-by-two system , there w i l l  be two p o ss ib le  
combinations o f p a irin g  the v a r ia b le s . The index w i l l  in d ica te  
which combination i s  the e a s ie r  to  c o n tro l. The c r it e r ia  i s  
that i f  the ab so lu te value o f the in te r a c tio n  index i s  le s s  than 
one the system  w i l l  be s ta b le  and c o n tr o lla b le . I f  greater  
than one the system w i l l  o s c i l la t e  u n t i l  i t s  p h ysica l l im its  are 
reached. For th is  system the correct p airing  has an index of
= 1 -  1 2 .4  = _ g2
XjF 1 2 .4
and the other p o s s ib i l i t y  has an index of
i  = 1 ^ v 1 ; 4 = “ 1 .0 9  
x2F - 1 1 .4
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These values suggest that the process Is  d i f f i c u l t  to  control 
w ith I t s  response being o s c i l la to r y .  A lso , the choice o f p airing  
that was decided on by the r e la t iv e  gain matrix Is the same as 
Indicated by th is  method.
M ultivariab le Control o f a Simple Model - Dynamic Case
In order to  in v e s t ig a te  the use of the r e la t iv e  gain matrix 
for p red ictin g  dynamic behavior, some dynamic terms must he 
incorporated in to  a mathematical model. CHESS, being a steady- 
s ta te  sim ulator cannot be applied  in  dynamic stu d ies except to  
c a lc u la te  open loop steady s ta te  g a in s. Because the absorber- 
s tr ipp er process i s  known to be n on -lin ear and d i f f i c u l t  to model 
a ccu ra te ly , a sim ple f ir s t -o r d e r  lag  plus dead time model w i l l  
be used to  t e s t  the dynamic c a se . Even though the steady s ta te  
gains obtained in  the preceding se c tio n  w i l l  be used in  the 
tran sfer  fu nction s for the dynamic model, the responses are not 
suggested to  represent those o f the absorber-stripper p rocess.
The fo llow in g  tra n sfer  functions were used to  study the dynamic 
case:
Ya (8) «= Ga f (s )F (s ) + GAT(s)T (s) (4 .1 3 )
V s) = GDF(s)F (s )  + GDT(s)T (s) (4 .1 4 )
where
Y .(s )  and Y^(s) are the con tro lled  variab les  A D
F (s) and T (s) are the manipulated variab les
G ., (s) are the model tra n sfer  functions
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Each m odel i s  o f  th e  form
K e"s t °
G (s )  -  i r t -1 <4 ' 15>
w here
K i s  th e  p ro c e s s  g a in
T i s  th e  p ro c e s s  tim e  c o n s ta n t
t  i s  th e  p ro c e s s  d ead  tim e
The p ro c e s s  g a in s  can  b e  d e te rm in e d  b y  th e  r e l a t i o n s h i p
„  .  I Z a  .  v v  -  v ° >  , ,  . . .
AF &F F ( t f ) - F ( 0 )  (4 -1 6 )
T hese g a in s  ca n  b e  s e e n  to  b e  th e  same a s  t h e  open lo o p  g a in s  
t h a t  w ere  p r e v io u s ly  c a l c u l a t e d  and  u se d  i n  th e  d e te r m in a t io n  
o f  th e  r e l a t i v e  g a in  f o r  t h e a b s o r b e r - s t r i p p e r  p r o c e s s .  T h u s , 
th e y  ca n  b e  a p p l ie d  d i r e c t l y  t o  th e  p ro c e s s  m o d e l. The v a lu e s  
f o r  th e  tim e  c o n s ta n t s  and  d ead  tim e s  w ere  a s s ig n e d  a r b i t r a r y  
v a l u e s ,  and  t h e r e f o r e  may n o t  b e  i n d i c a t i v e  o f  th e  p e rfo rm a n ce  
o f  th e  a b s o r b e r - s t r i p p e r .  H ow ever, th e y  w i l l  i l l u s t r a t e  th e  im p o r­
ta n c e  o f  dynam ic c o n s i d e r a t i o n s .  The v a lu e s  u se d  a p p e a r  in  
F ig u re  4 .5  and  T a b le  IV -3 . S u b s t i t u t i n g  th e  g a i n s ,  tim e  co n ­
s t a n t s ,  and d e n i  t im e s  i n t o  th e  m o d e l, th e  f o l lo w in g  sy s tem  
w as u se d  t o  s tu d y  th e  dynam ic r e s p o n s e s :
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-8  - . I se F 2 .5 (1 0 ) ~ 9e~*2s 4 s  +  1
(4 .1 7 )
2 .0 5 (1 0 )  e 
2 s  +  1
(4 .1 8 )
The s im p lest t e s t  was to  determine whether a conventional 
PI c o n tr o lle r  on each loop could be found that would s a t is fa c ­
t o r i ly  con tro l the system . Two cases were proposed as to  the 
pairin g  o f v a r ia b le s . The tuning parameters for the co n tro lle r s  
were found using the r e la t io n sh ip s  suggested by Lopez(6 ) .
For the ITAE c r ite r io n  fu nction  th ese  r e la tio n sh ip s  are given:
w h ere
K i s  th e  sy s te m  g a in  
T i s  th e  sy s te m  tim e  c o n s ta n t  
t  i s  th e  sy s te m  d ead  tim e  
Kc i s  th e  c o n t r o l l e r  g a in  
T^ i s  th e  c o n t r o l l e r  r e s e t  tim e
KKc = .8 5 9  ( t q / t) “ *977 (4 .1 9 )
t/T £ = .6 7 4  ( t  o / T)
- .6 8 (4 .2 0 )
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Table IV-3
Model P a ra m e te rs  f o r  M u l t i v a r i a b l e  S tu d y
G e n e ra l E q u a t io n :
- t .  . s
S > . _  Ku  e
M. ------------------
J Ti j s+1
Ci  -  YA Ci = yd
K ._ = 2 .5 E -0 8  AF S f
= 2 .0 5 E -0 2
M = F
i: ta f  -  2 - °
t AF *  ° ' 1
S f  -  2 - °
* * I  ■ o a
M. = T 
J
K = -2 .5 E -0 9  
AT
ta t -  4 .0  
CAT -  ° ' 2
S t
= -2 .2 3 E -0 3
tDT -  4 - °
S t ' 0 '2
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F igure 4 .5 .  Model diagram fo r  m u ltiv a r ia b le  s tu d y .
F o r th e  f i r s t  c a s e  th e  s i n g l e  lo o p  c o n t r o l  was im p lem en ted ; 
t h a t  i s ,  th e  Y^ v a r i a b l e  was c o n t r o l l e d  by m a n ip u la t in g  F .
The r e s p o n s e  s e e n  in  F ig u r e  4 .6  shows t h a t  f o r  a  s e t  p o in t  change 
Y^ can  be s a t i s f a c t o r i l y  c o n t r o l l e d ,  b u t  Y^ d r i f t s  tow ard  a  new 
s te a d y  s t a t e .  S i m i l a r i l y ,  Y^ r e g u la te d  by c h a n g in g  T p ro d u c e s  
a n  a n a la g o u s  r e s p o n s e  a s  shown in  F ig u re  4 .7 .  F i n a l l y ,  b o th  
lo o p s  a r e  c lo s e d  w i th  th e  v a r i a b l e  p a i r i n g  Y^ -  F and Y^ -  T a s  
d i c t a t e d  b y  th e  r e l a t i v e  g a in  m a tr ix  in  th e  p r e c e d in g  s e c t i o n .
The same s e t  o f  c o n t r o l l e r  c o n s ta n t s  p ro d u ced  an  u n s ta b l e  sy stem  
a s  can  be s e e n  in  F ig u r e  4 . 8 .  T h u s , th e  m u l t i v a r i a b l e  sy stem  
c a n n o t be  c o n t r o l l e d  by tu n in g  eac h  lo o p  i n d i v i d u a l l y .  I n  o rd e r  
to  v e r i f y  t h a t  th e  n e g a t iv e  s ig n s  in  th e  r e l a t i v e  g a in  m a tr ix  
c o r r e c t l y  p r e d i c t e d  u n c o n t r o l l a b l e  p a i r i n g ,  th e  p a i r i n g s  w ere 
s w itc h e d .  As e x p e c te d ,  a n  u n s ta b l e  s o lu t i o n  was o b ta in e d  f o r  
a l l  c o n t r o l l e r  s e t t i n g s  when b o th  th e  lo o p s  w ere  c lo s e d .  T h is  
was ca u se d  b y  th e  a c t i o n  o f  th e  m a n ip u la te d  v a r i a b l e s  F and T 
o p p o s in g  th e  e f f e c t  o f  e a c h  o th e r  and r e s u l t i n g  in  i n s t a b i l i t y .
In an attem pt to  produce more e f fe c t iv e  co n tro l, the steady  
s ta te  decoupler as suggested by Shinskey was incorporated in to  
the system. The decoupler i s  ca lcu la ted  from the gains o f the 
process model and i s  shown in  Figure 4 .9 .  An in sp ection  o f the 
values o f the decoupler gains show that they are r e a lly  the 
elem ents o f the in verse  o f the open loop steady s ta te  gain  
m atrix. From the r e la tio n sh ip
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F igure 4 .6 .  S e t p o in t response fo r  c lo se d  loop on Y l-F .
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F ig u re  4 .7 . S e t  p o in t  r e s p o n s e s  f o r  c lo s e d  lo o p  on Y2-T.
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F ig u re  4 .9 .  S te a d y  S t a t e  D e c o u p le r .
i t  i s  d e s i r e d  to  o b t a in  th e  form
~ 1  o" " V
. yd . 0 1 t , , M2 .
(4 .2 2 )
S in c e  i s  d i r e c t l y  r e l a t e d  t o  F and i s  r e l a t e d  t o  T (fro m  
th e  c o n t r o l l e r  p a i r i n g s ) ,  th e n  th e  f o l lo w in g  m ust h o ld :
F
K
-1
T .« 2 .
(4 .2 3 )
H ow ever, th e  a s s u m p tio n  made w as t h a t  K i s  com posed o n ly  o f  th e  
s te a d y  s t a t e  g a i n s .  T h is  i s  i n c o r r e c t  b e c a u se  th e  sy s te m  i s  tim e  
d e p e n d e n t;  t h u s ,  th e  s te a d y  s t a t e  d e c o u p le r  does n o t  ta k e  i n t o  
a c c o u n t th e  e f f e c t s  o f  d y n a m ic s . The p ro b lem  t h a t  a r i s e s  can  
b e  s e e n  from  th e  r e s p o n s e s  o f  t h e  s te a d y  s t a t e  d e c o u p le d  sy s te m  
due to  s te p  i n p u t s .  F ig u r e  4 .1 0  an d  4 .1 1  a r e  th e  r e s u l t s  o f  
p e r tu r b in g  each  o f  th e  in p u t s  i n t o  th e  d e c o u p le r ,  t h a t  i s ,  
and  M£. Rem em bering t h a t  th e  d e c o u p le r  f o r c e s  th e  open lo o p  
g a in s  t o  u n i t y ,  n o t i c e  how th e  r e s p o n s e s  change s i g n i f i c a n t l y  
b e f o r e  r e t u r n i n g  to  t h e i r  s te a d y  s t a t e  v a l u e s .  I n  f a c t ,  th e  
r e s p o n s e  o f  due t o  a  ch an g e  i n  a c t u a l l y  r e s u l t s  i n  th e
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F igu re 4 .1 0 .  Response to  s tep  inp ut on w ith  s tea d y  s ta te
d eco u p ler .
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c o n t r o l l e d  v a r i a b l e  m oving In  th e  o p p o s i te  d i r e c t i o n  t h a t  th e  change 
had  b e e n  m ade. T h is  ty p e  o f  r e a c t i o n  t e l l s  th e  c o n t r o l l e r  d e s ig n e r  
t h a t  t h i s  lo o p  c a n n o t be  c o n t r o l l e d  w i th  th e  t y p i c a l  c o n f ig u r a t io n  
no m a t t e r  w h a t v a lu e s  f o r  th e  c o n t r o l l e r  s e t t i n g s  a r e  c h o s e n . I t  
i s  a p p a r e n t  t h a t  s te a d y  s t a t e  d e c o u p lin g  p ro d u c e s  a s  u n a c c e p ta b le  
r e s u l t s  a s  no d e c o u p lin g  a t  a l l  f o r  t h i s  p a r t i c u l a r  c a s e .  F o r 
t h i s  r e a s o n ,  a  dynam ic d e c o u p le r  w as d e s ig n e d  i n  a n  a t te m p t  to  
co m p en sa te  f o r  th e  tim e  e f f e c t s  o f  th e  sy s te m . S in c e  th e  p ro c e s s  
i s  m odeled  a s  tw o in d e p e n d e n t lo o p s  c o u p le d  b y .tw o  i n t e r a c t i n g  
te rm s ,  dynam ic co m p e n sa to rs  o n ly  h a v e  t o  b e  p la c e d  on th e  te rm s 
i n  t h e  d e c o u p le r  t h a t  c o r re s p o n d  t o  th e  i n t e r a c t i n g  te rm s o f  th e  
p r o c e s s .  E ach d ia g o n a l  te rm  in  th e  d e c o u p le r ,  F ig u re  4 .1 2 ,  
sh o u ld  c o n t a i n  a  l e a d - l a g  co m p e n sa to r  w i th  th e  le a d  e q u a l  to  th e  
la g  o f  i t s  c o r re s p o n d in g  p ro c e s s  i n t e r a c t i o n  te rm  and  la g  e q u a l 
th e  la g  o f  th e  open lo o p  f o r  t h a t  p a r t i c u l a r  m a n ip u la te d  v a r i a b l e .
I n  a d d i t i o n ,  th e  d ia g o n a l  te rm  i n  th e  d e c o u p le r  c o r re s p o n d in g  to  
th e  f a s t e r  p ro c e s s  i n t e r a c t i o n  m ust b e  d e la y e d  b y  th e  d i f f e r e n c e  
b e tw e e n  th e  d ead  tim e s  o f  th e  p r o c e s s  i n t e r a c t i o n .  I n  o th e r  
w o rd s , th e  dynam ics o f  eac h  i n t e r a c t i o n  te rm  i n  th e  d e c o u p le r  
s h o u ld  co m p en sa te  f o r  th e  dynam ics o f  th e  i n t e r a c t i o n  i n  th e  
p r o c e s s .  The r e s p o n s e s ,  F d g u re s  4 .1 3  and  4 .1 4 , o f  th e  sy s te m  
w i th  dynam ic d e c o u p lin g  due t o  s t e p  in p u t s  f o r  and  p roved  
to  b e  f a r  s u p e r io r  t o  th o s e  r e s u l t i n g  from  s te a d y  s t a t e  d e c o u p l in g .  
When one o f  th e  in p u t s  w as p e r tu r b e d ,  i t s  c o r re s p o n d in g  c o n t r o l l e d
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F igure 4 .1 2 .  Dynamic d ecou p ler .
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F igure 4 .1 4 .  Response to  s tep  inp u t on-M2  w ith  dynamic decoupler
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v a r i a b l e  a p p ro a c h e d  r a p i d l y  i t s  new v a lu e  w h i le  th e  o th e r  c o n t r o l l e d  
v a r i a b l e  re m a in e d  a p p ro x im a te ly  a t  i t s  p r e v io u s  s te a d y  s t a t e  v a l u e .  
T h is  i s  th e  ty p e  o f  re s p o n s e  t h a t  w as d e s i r e d  i n  o rd e r  t h a t  th e  
two lo o p s  c o u ld  b e  c o n t r o l l e d  e f f i c i e n t l y .  T h is  w as s u b s t a n t i a t e d  
when e a c h  o f  th e  lo o p s  w ere  c lo s e d  s e p a r a t e l y .  F ig u re s  4 .1 5  and  
4 .1 6  d i s p l a y  th e  f a c t  t h a t  f o r  a  s e t  p o in t  ch an g e  th e  c lo s e d  lo o p  
v a r i a b l e  r e a c h e s  th e  d e s i r e d  v a lu e  q u ic k ly  w h i le  th e  open lo o p  
v a r i a b l e  i s  h a r d ly  a f f e c t e d .  As c a n  b e  s e e n  i n  th e  f i g u r e s ,  Y2 does 
d e v i a t e  som ew hat w h ich  i s  c a u se d  b y  i t s  lo o p  r e a c t i n g  s lo w e r  due 
t o  l a r g e r  tim e  c o n s t a n t s  and  d ead  t im e s .  The c o n t r o l l e r  s e t t i n g s  
f o r  eac h  o f  th e  s i n g l e  lo o p  sy s tem s  w ere  found  by  t r i a l  and  e r r o r  
u n t i l  th e y  p ro d u ced  s a t i s f a c t o r y  r e s u l t s .  T hose s e t t i n g s  w ere 
r a t h e r  lo o s e  w i th  th e  r e s p o n s e  c o n ta in in g  no o v e r s h o o t .  U sing  
th o s e  same c o n t r o l l e r  c o n s t a n t s ,  b o th  lo o p s  w ere  c l o s e d .
The r e s p o n s e s  F ig u re  4 .1 7 - 4 .1 9  w ere  s t a b l e  and  re se m b le d  th o s e  
o b ta in e d  when th e  two lo o p s  w ere  c lo s e d  s e p a r a t e l y .  T h is  s u g g e s te d  
t h a t  i f  e f f e c t i v e  dynam ic d e c o u p lin g  ca n  b e  o b ta in e d ,  th e  c o n t r o l l e r  
s e t t i n g s  f o r  eac h  lo o p  may b e  fou n d  b y  tu n in g  each  lo o p  s e p a r a t e ly *  
F i n a l l y ,  S h in s k e y 's  p ro p o s a l  t o  tu n e  c o n t r o l l e r s  by compen­
s a t i n g  f o r  i n t e r a c t i n g  lo o p s  was a t te m p te d  on t h i s  sy s te m . He 
recom m ends t h a t  e a c h  c o n t r o l l e r  g a in  f o r  each  c lo s e d  lo o p  b e  
m u l t i p l i e d  by  i t s  c o r re s p o n d in g  te rm  in  th e  r e l a t i v e  g a in  
m a t r ix .  H ow ever, f o r  t h i s  c a s e  s in c e  a l l  th e  r e l a t i v e  g a in s  
( a b s o lu t e  v a lu e s )  a r e  g r e a t e r  th a n  u n i t y ,  a n  i n c r e a s e  i n  g a in s
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F ig u r e  4 .1 5 .  S e t  p o i n t  r e s p o n s e  f o r  c lo s e d  lo o p  on Y l-F  w ith  
dynam ic d e c o u p le r .
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F igure 4 .1 7 .  Response to  s e t  p o in t change on Yl w ith  both loops
c lo se d  and dynamic d e c o u p le r .
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Figure 4 .1 8 .  Response to  s e t  p o in t change on Y2 w ith  both loops
c lo se d  and dynamic decou p ler .
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F ig u re  4 .1 9 .  R esponse  t o  ch an g e  i n  s e t  p o in t  on Y1 and Y2 w ith  
dynam ic d e c o u p le r .
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w ould  r e s u l t .  U n s ta b le  r e s p o n s e s  r e s u l t e d  w h ich  s u b s t a n t i a t e s  
th e  f a c t  t h a t  th e  te c h n iq u e  h o ld s  o n ly  i f  a l l  r e l a t i v e  g a in s  
a r e  b e tw een  z e ro  and  o n e .
Summary
The r e l a t i v e  g a in  m a tr ix  an d  th e  CHESS s im u la t io n  p rogram  
a r e  two to o l s  f o r  d e s ig n in g  c o n t r o l  schem es f o r  com plex  c h e m ic a l 
p r o c e s s e s .  The r e l a t i v e  g a in  m a t r ix  a lo n g  w i th  th e  i n t e r a c t i o n  
in d e x  a r e  two m e asu re s  t h a t  c a n  b e  a p p l ie d  t o  a  m u l t i v a r i a b l e  
sy s te m  t o  p r o p e r ly  p a i r  m a n ip u la te d  and  c o n t r o l l e d  v a r i a b l e s .
B oth  can  b e  d i r e c t l y  c a l c u l a t e d  fro m  e i t h e r  open o r  c lo s e d  lo o p  
s te a d y  s t a t e  g a in s  by  s im p le  e x p e r im e n ta l  o r  a n a l y t i c a l  t e c h ­
n iq u e s .  T h is  c h a p te r  u s e s  CHESS t o  d e m o n s tra te  how th e  i n t e r a c t i o n  
m easu re s  can  b e  em ployed to  a  c h e m ic a l p r o c e s s .  A lth o u g h  th e  CHESS 
sy s te m  i s  q u i t e  l a r g e ,  i t  c o n ta in s  a  c o m p le te  therm odynam ic 
p a c k a g e , many o f  th e  u n i t  o p e r a t i o n s ,  a  c o n v e n ie n t  d a ta  h a n d l in g  
a p p ro a c h , p r o v is io n s  f o r  a d d i t i o n s  t o  s u i t  u s e r s  p a r t i c u l a r  n e e d s , 
and  i s  r e l a t i v e l y  e a s y  t o  u s e .  The a p p ro a c h  o f  i n c o r p o r a t in g  
th e s e  two t o o l s  m ig h t p ro v e  h e l p f u l  i n  m ore com plex  p ro c e s s e s  in  
w h ich  t h e r e  a r e  f a r  m ore v a r i a b l e s  t o  c o n s id e r  and  th e r e  e x i s t  
num erous p o s s i b l e  c o n t r o l  sch em es.
S in c e  b o th  th e  r e l a t i v e  g a in  m a tr ix  and  CHESS w ere  d e s ig n e d  
f o r  s te a d y  s t a t e  c o n d i t i o n s ,  t h e i r  a p p l i c a t i o n s  t o  dynam ic s i t u a ­
t i o n s  i s  r e s t r i c t e d .  A ls o ,  f o r  i n t e r a c t i n g  m u l t i v a r i a b l e  c o n t r o l ,
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th e  a d d i t i o n  o f  a  s te a d y  s t a t e  d e c o u p le r  t o  th e  s y s te m  w i l l  
h in d e r  th e  e f f e c t  o f  th e  c o n t r o l l e r s  c a u s in g  th e  sy s te m  to  b e  more 
u n s t a b l e .  On th e  o th e r  h a n d , th e  a d d i t i o n  o f  a  dynam ic d e c o u p le r  
w i l l  p ro d u c e  r e s u l t s  f a r  s u p e r io r  t o  sy s te m s  w i th  no d e c o u p le r .
Nomenclature
System or process matrix
C ontrolled  or dependent v a r ia b les
Determinant o f open loop gain  m atrix
Process tra n sfer  function
In tera ctio n  index
System open loop gains
C on tro ller gains
Open loop gain  m atrix
Manipulated or independent v a r ia b les
C ontroller r e s e t  time
Process dead time
D isturbance or upset
Elements o f the r e la t iv e  gain m atrix
Process tim e constant
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Chapter V
CONCLUSIONS
T h is  w ork i s  in te n d e d  t o  p r e s e n t  some o f  th e  c o n c e p ts  o f  
ad v an ced  c o n t r o l  th e o ry  and th e  m o d i f ic a t io n s  t h a t  th e y  m ust 
u n d e rg o  b e f o r e  th e y  c a n  b e  a p p l ie d  i n  th e  p ro c e s s  i n d u s t r i e s .  
B ecause  th e s e  i n d u s t r i a l  p ro c e s s e s  c a n n o t be  e a s i l y  d e s c r ib e d  
m a th e m a t ic a l ly ,  much o f  th e  th e o ry  c a n n o t be  u se d  d i r e c t l y  and 
a p p ro x im a tio n s  h av e  t o  b e  em ployed . T h is  t h e s i s  i s  w r i t t e n  to  
g iv e  th e  c o n t r o l  sy s te m  d e s ig n e r  f o r  a  c h e m ic a l p ro c e s s  some 
i n s i g h t  i n t o  th e  p ro b lem s o f  a p p ly in g  th e  th e o ry  d e v e lo p e d  f o r  
o th e r  sy s te m s  to  h i s  p ro c e s s  and  some o f  th e  m o d i f ic a t io n s  o r  
a p p ro x im a tio n s  t h a t  m ig h t p ro v e  a c c e p ta b l e .
In  C h a p te r  I I  em p h asis  w as on m odel i d e n t i f i c a t i o n .  
S e n s i t i v i t y  c o e f f i c i e n t s  w ere  u se d  to  d e te rm in e  and  u p d a te  
m odel p a ra m e te rs  i n  o r d e r  t o  d i c t a t e  th e  c o n t r o l  s t r a t e g y  f o r  
a  c h e m ic a l r e a c t o r  p r o c e s s .  The a d a p t iv e  c o n t r o l  schem e w orked 
w e l l  and  t h i s  a p p ro a c h  seem ed s u i t e d  f o r  o n - l i n e  a p p l i c a t i o n s .  
W ith  th e  s e n s i t i v i t y  c o e f f i c i e n t s  a d a p t in g  a  seco n d  o rd e r  m o d e l, 
t h r e e  c o n t r o l  s t r a t e g i e s  w ere  im p lem en ted . A c o n v e n t io n a l  P I  
a n a lo g  c o n t r o l l e r  w h ich  w as o p t im a l ly  tu n e d  p ro d u ced  th e  e x p e c te d  
s a t i s f a c t o r y  r e s p o n s e s .  The Kalman a lg o r i th m  w as th e n  i n s e r t e d
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w ith  I t s  c o n t r o l l e r  c o n s ta n t s  c a l c u l a t e d  from  th e  m odel p a r a m e te r s .  
The m ethod w as m o d if ie d  som ew hat due to  th e  l i m i t a t i o n s  p la c e d  
on th e  m a n ip u la te d  v a r i a b l e .  The r e s p o n s e s  o f  th e  p r o c e s s ,  w ith  
th e  Kalman a l g o r i th m ,  w e re  im proved  a p p r e c ia b ly  o v e r  th o s e  
o f  th e  P I  c o n t r o l l e r .  F i n a l l y ,  a  b a n g -b a n g  c o n t r o l l e r  w h ich  
r e s u l t e d  from  a  t im e  ^op tim al a p p ro a c h  was i l l u s t r a t e d .  The 
s w i tc h in g  tim e s  w e re  d e te rm in e d  from  th e  m odel p a ra m e te rs  and  
th e  r e s p o n s e s  o f  th e  c h e m ic a l r e a c t o r  due t o  s e t  p o in t  ch an g e s  w ere  
s u p e r io r  to  th o s e  r e s p o n s e s  o f  th e  f i r s t  two te c h n iq u e s .  T hus, 
when o n ly  s m a ll  p a ra m e te r  ch an g e s  a r e  e x p e c te d ,  th e  c o e f f i c i e n t s  
w i l l  a c c u r a t e l y  p r e d i c t  m odel p a r a m e te r s .  H ow ever, i f  th e  p a r a ­
m e te rs  d i f f e r  g r e a t l y  from  t h e i r  t r u e  v a l u e s ,  i n s t a b i l i t i e s  may 
r e s u l t .  A ls o ,  i n  c e r t a i n  r e g io n s  th e  c o e f f i c i e n t s  do n o t  d e t e r ­
m ine a  t r u e  s o l u t i o n ,  b u t  o s c i l l a t e  b e tw e e n  p a ra m e te r  v a lu e s  a s  
i n  some g r a d i e n t  t e c h n iq u e s .  T h ese  p ro b lem s may b e  overcom e by  
means o f  s p e c i a l  m ethods su ch  a s  th e  s t e e p e s t  d e s c e n t  ap p ro a c h  
a s  p ro p o sed  by M a rq u a rd t.
C h a p te r  I I I  showed t h a t  o p t im a l  c o n t r o l  ca n  b e  a p p l ie d  
d i r e c t l y  t o  p r o c e s s e s  m odeled  w i th  a  f i r s t  o rd e r  l a g  p lu s  dead  
tim e  i n  o r d e r  to  o b ta in  c o n t r o l l e r  s e t t i n g s  f o r  a  PID a n a lo g  
c o n t r o l l e r .  A lth o u g h  th e  r e s p o n s e s  w e re  su b o p tim a l due to  
m o d e lin g  e r r o r s ,  th e  r e s u l t s  f o r  t h i s  m ethod f o r  a  c h e m ic a l 
r e a c t o r  p r o c e s s  a p p e a re d  b e t t e r  th a n  th o s e  tu n e d  by  o th e r  
t e c h n iq u e s .  T h is  a p p ro a c h  a l lo w s  th e  u s e r  t o  ch oose  a  p e rfo rm a n c e
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c r i t e r i o n  t o  s u i t  h i s  n e e d s ;  t h a t  i s ,  th e  v a lu e  o f  th e  p a ra m e te r  
p i n  th e  c o s t  f u n c t io n  w i l l  e i t h e r  t i g h t e n  up o r  lo o s e n  th e  c o n t r o l .  
I n  o th e r  w o rd s ,  th e  tu n in g  p ro b lem  i s  re d u c e d  from  a  t h r e e  
p a ra m e te r  t o  a  one p a ra m e te r  s e a r c h .
The PCID a lg o r i th m  was t e s t e d  and  fo u n d  to  p ro d u ce  more 
c o n s i s t e n t  r e s u l t s  f o r  b o th  th e  lo a d  and  s e t  p o in t  p ro b lem  th a n  
th e  c o n v e n t io n a l  PID a lg o r i th m .  C o n t r o l l e r  s e t t i n g s  f o r  th e  PCID 
r e s u l t e d  i n  s a t i s f a c t o r y  r e s p o n s e s  f o r  b o th  lo a d  and s e t  p o in t  
c h an g e s  w h i le  th e  PID had  t o  be  tu n e d  s e p a r a t e l y  f o r  eac h  c a s e .
The e x t e n s io n  o f  th e  o p tim a l c o n t r o l  f o r m u la t io n  t o  th e  
s a m p le d -d a ta  sy s te m  w as found  t o  b e  u n a c c e p ta b le .  By a p p ro x im a tin g  
a  s a m p le d -d a ta  sy s te m  w ith  a  c o n t in u o u s  one by d d d in g  a p u re  tim e 
d e la y  e q u a l  t o  o n e - h a l f  th e  s a m p lin g  tim e  t o  th e  sy s te m  dead  
t im e ,  i t  was th o u g h t t h a t  th e  r e s p o n s e s  f o r  th e  two sy stem s 
sh o u ld  b e  s i m i l a r .  T h is  w as n o t  th e  c a s e  h o w ev er, and  o n ly  
a t  e x tre m e ly  f a s t  sa m p lin g  r a t e s  d id  th e  schem e a c h ie v e  
s a t i s f a c t o r y  r e s p o n s e s .
C h a p te r  IV d i s c u s s e s  some o f  th e  a s p e c t s  o f  m u l t iv a r i a b le  
c o n t r o l .  The f i r s t  s t e p  i n  th e  d e s ig n  o f  any  c o n t r o l  sy stem  
i s  t o  d e te rm in e  w h e th e r  i t  i s  p o s s i b l e  f o r  th e  p ro c e s s  to  b e  
c o n t r o l l e d .  The p ro p e r  p a i r i n g  o f  c o n t r o l l e d  and  m a n ip u la te d  
v a r i a b l e s  i s  e s s e n t i a l  f o r  c o n t r o l l a b i l i t y  i n  some c a s e s  and  
i n  th e  o th e r s  t h e r e  i s  p ro b a b ly  a  p r e f e r r e d  c o n f ig u r a t io n .
The r e l a t i v e  p ro c e s s  g a in  m a tr ix  w i l l  d e te rm in e  th e  c o r r e c t
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p a i r i n g  o f  v a r i a b l e s  f o r  a l l  c a s e s  a n d .w h e th e r  b o th  dynam ic and 
s te a d y  s t a t e  c o n t r o l  a r e  p o s s i b l e .  F or an  a b s o r b e r - s t r i p p e r  
p r o c e s s ,  CHESS was u se d  to  c a l c u l a t e  th e  s te a d y  s t a t e  open loop- 
g a i n s .  From t h i s  m a tr ix  th e  r e l a t i v e  g a in s  w e re  found  and  th e  
e f f e c t s  o f  d i f f e r e n t  m a n ip u la te d  and  c o n t r o l l e d  v a r i a b l e s  c o u ld  
b e  o b s e rv e d .
Dynamic c o n s id e r a t io n s  f o r  i n t e r a c t i n g  lo o p s  w e re  s tu d ie d  
by  means o f  a  g e n e r a l  m odel w i th  two in p u t s  and  two o u tp u t s .
A s te a d y  s t a t e  d e c o u p le r  in c o r p o r a te d  i n t o  th e  sy s te m  p ro d u ced  
r e s p o n s e s  t h a t  w ere  w o rse  th a n  th o s e  r e s u l t i n g  from  th e  sy s te m  
w i th  no d e c o u p le r .  T h is  i l l u s t r a t e s  th e  f a c t  t h a t  th e  tim e  e f f e c t s  
o f  th e  p ro c e s s  had  t o  b e  c o n s id e r e d  i n  o rd e r  t o  a c h ie v e  e f f e c t i v e  
d e c o u p l in g .  By a d d in g  a  dynam ic d e c o u p le r ,  th e  i n t e r a c t i n g  
te rm s  w ere  a lm o s t c a n c e le d  and  tw o n e a r ly  in d e p e n d e n t lo o p s  w ere  
o b ta in e d .  In d e p e n d e n t lo o p s  c a n  b e  tu n e d  i n d i v i d u a l l y  w h e reas  
th e  lo o p s  f o r  th e  i n t e r a c t i n g  sy s te m  a r e  a lm o s t  im p o s s ib le  to  
tu n e .
The ad v an ced  tu n in g  r e l a t i o n s h i p s  p ro p o se d  by  S h in sk e y  
f o r  i n t e r a c t i n g  lo o p s  w ere  a p p l ie d  and found  t o  be  u n s u c c e s s f u l  
i n  th e  c a s e  i n v e s t i g a t e d .  When e le m e n ts  o f  th e  r e l a t i v e  g a in  
m a t r ix  a r e  g r e a t e r  th a n  one ( l e s s  th a n  z e ro )  th e  c o n c e p t o f  
c o m p e n sa tin g  c o n t r o l l e r  s e t t i n g s  f o r  v a r i a b l e  i n t e r a c t i o n  d o es  
n o t  h o ld .
APPENDIX A 
DEVELOPMENT OF CONTROL LAW USING 
KALMAN'S ALGORITHM
APPENDIX A 
DEVELOPMENT OF CONTROL LAW USING 
KALMAN'S ALGORITHM
Kalman p ro p o s e s  t h a t  a  c o n t r o l l e r  b e  d e s ig n e d  t h a t  w i l l  
d r i v e  th e  sy s te m  to  th e  d e s i r e d  v a lu e  i n  two sam p lin g  p e r io d s .  
T h is  i s  a c c o m p lish e d  by im p o sin g  a  l a r g e  a c c e l e r a t i o n ,  f o r c in g  
f u n c t i o n  on th e  f i r s t  sam p lin g  p e r io d  and th e n  a p p ly in g  a  
d e c e l e r a t i n g  f o r c e  so  t h a t  t h e r e  w i l l  b e  no o v e rs h o o t i n  th e  
r e s p o n s e  o f  th e  p r o c e s s .  O p tim al c o n t r o l  th e o ry  s t a t e s  t h a t  f o r  
a  seco n d  o r d e r  sy s te m , t im e -o p t im a l  c o n t r o l  w i l l  c o n ta in  two 
s w i tc h in g  t im e s .  T h u s , f o r  t h i s  c a s e  a  r e a s o n a b le  re s p o n s e  c u rv e  
c o u ld  b e  e x p e c te d .  A d ia g ra m  o f  c o n t r o l  s t r a t e g y  and re s p o n s e  
f o r  a  n o rm a liz e d  sy s te m  due t o  a  s e t  p o in t  change  i s  g iv e n  
b e lo w . N o tic e  t h a t  a t  t= 0 ,  th e  c o n t r o l l e r  s e t s  th e  m a n ip u la te d  
v a lu e  to  M^. I f  no f u r t h e r  ch an g e s  w ere  a p p l i e d ,  th e  re s p o n s e  
w ou ld  a p p e a r  a s  shown i n  th e  d o t t e d  l i n e .  A t T^ th e  c o n t r o l l e r  
o u tp u t  s w i tc h e s  t o  M2  c a u s in g  th e  sy s te m  re s p o n s e  to  slow  down 
a s  shown b y  th e  s o l i d  l i n e .  F i n a l l y ,  th e  m a n ip u la te d  v a r i a b l e  
r e a c h e s  th e  s te a d y  s t a t e  v a lu e  a t  t=Tg a t  w hich  tim e  th e  sy s te m  
r e s p o n s e  i s  l e v e l i n g  a t  th e  d e s i r e d  v a l u e .  T h is  w i l l  b e  th e  ty p e  
o f  r e s p o n s e  t h a t  th e  Kalman c o n t r o l l e r  w i l l  o r d i n a r i l y  p ro d u c e . 
The m a th e m a tic  d e s c r i p t i o n  o f  th e  p ro c e s s  i s  g iv e n  by th e  g e n e ra l  
s eco n d  o r d e r  m odel e q u a t io n
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H (s)
-q
o
c ( t )
0
2T
F ig u re  A 2 .1 . S k e tc h  o f  I d e a l  R esponse  f o r  Kalman A lg o r ith m
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H<s> '  (y  A ) ( T .  + 1) <-k l A >
S in c e  t h i s  w i l l  b e  a  d i s c r e t e  o r  s a m p le d -d a ta  c o n t r o l  sy s te m  a  
z e r o  o r d e r  h o ld  w i l l  b e  in c o r p o r a te d  w i th  th e  p ro c e s s  e q u a t io n .  
The m odel f o r  th e  e n t i r e  p l a n t  i n  te rm s  o f  z - t r a n s f o r m s  th e n  
becom es
G *(z) = (1  -  z - 1 ) H * ( s ) / s  (A 1.2)
By w r i t i n g  e q u a t io n s  f o r  c lo s e d  lo o p  in p u t s  and  o u tp u ts  th e  
f o l lo w in g  r e l a t i o n s h i p s  c a n  b e  o b ta in e d  ( r e f e r  t o  F ig u re  2 .5 )
M *(z) D *(z)
C * (z ) |_1 +  D * (z)G * (z )
and
= Q *(z) (A 1.3)
c * . ( z > =  S * & L G * . f e )  =  v * (z)  (Ai  4 )
R * (z) 1 +  D * (z)G * (z ) *
These two equations lead to  the re la tio n sh ip  that
g * fe ) . = G* f z ) = P * (z ) ,A1 5)M *(z) G (Z) Q *(z) (A i.b )
S te a d y  s t a t e  c o n s id e r a t i o n s  f o r c e  Sp^ and  Sq^ to  e q u a l  1 . B y  
c h o o s in g  H (0)=1 and  r e s t r i c t i n g  G *(z) = 1 th e n  D *(z) may be
w r i t t e n  a s
d * / z n „   Q * X Z )   = _____________________ (A1 6)
D (z )  1 -  G * (z)Q * (z ) 1 -  P * (z )  (A i .b ;
The above equation y ie ld s  the co n tr o lle r  c o e f f ic ie n t s  for the 
Kalman algorithm . The procedure i s  simply to  find  G*(z) and 
m ultip ly  numerator and denominator by a su ita b le  sc a le  factor  
forcin g  the sum of the p 's  to  equal one. Then equation A l.6  
w i l l  determine the c o n tr o lle r  c o e f f ic ie n t s .  The fo llow in g  
example i s  for a general second order system w ith  tran sfer  
function  H(s ) .
H(s) = K (A 1.7 )(TjS + 1) ( t2s +  1)
(A 1.8)
(A 1 .9 )
From a ta b le  o f z-transform s i f  E(s) = l/s (s+ a )(s+ b )  then
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= K ( z - l ) [A ( i j - T j )  ( z - e " T /T l) ^T2_T1) <z - e ’ T/T2)-l
( A l . l l )
I f  th e s e  te rm s  a r e  com bined th e  c o e f f i c i e n t s  o f  th e  z te rm s  
lum ped to g e th e r  G *(z) w i l l  become
G *(z)= K
V T1
(T2- T i ) ( z - e  T/f 1) ( z - e “T/,T2> + T1 ( z - l ) ( z - e " T^T2) 
. ( z - e - T /Tl ) < z - e - I / T 2)
T2 ( z - l ) ( z - e ‘ T /T l)
( z - e - T/Tl ) ( z - e - T /T 2 )J
(AX.12)
Aj^z +  A2 a - 1  . A “ 2  AjZ +  A2z
G *(z) = “ 2  ■ -1  -2
z +  BjZ +  B2 1 +  B^z +  '&2 Z
(A 1.13)
w here
A, =
A„ »2 T,
B, =
T 2 e -T /T i
B_ -  e
[ ( T2- Tl) ( - e - T /T l -  e - T/T2 ) - T l( l - . . - l / T 2 )+ T2 (1 4 .- l /T 2)J
^  [ ( r 2 - T l ) ( e
. e - T /T l  -  e - T /T 2
T / Tl  -  T / t 2
F o rc in g  th e  sum o f  th e  n u m e ra to r  o f  G *(z) t o  one
AjN +  A2N « 1 im p l ie s  N = l / ( A j +  A2 )
M u lt ip ly in g  n u m e ra to r  and  d e n o m in a to r  o f  e q u a t io n  A 1.13 b y  N:
v " 1 +
G *(z) = ----- - ----- - j— £-----z o  (A 1.14)
Bq+  \ z  +  P2z
and
„ * ( z ,  - m i  -  g° +  ¥ ~ *  +  ¥ ~ 2 
w  ‘ E (z )  '  i  -  v ' 1 -  v " 2
w here
K = N
= BjN
p2 = b2n
° i = AjN
a2 = a 2n
The c o n t r o l  law  c a n  th e n  b e  w r i t t e n
\  = go EN + ei V l  + + f t - 1  + 'V W  <A1-16>
T h is  e q u a t io n  shows t h a t  th e  c o n t r o l l e r  u s e s  th e  p r e s e n t  and  l a s t  
tw o v a lu e s  o f  th e  e r r o r  s i g n a l  a lo n g  w i th  th e  l a s t  two v a lu e s  
o f  th e  m a n ip u la te d  v a r i a b l e  i n  o r d e r  to  c a l c u l a t e  th e  new v a lu e  
f o r  th e  c o n t r o l  v a r i a b l e .  F o r  th e  c a s e  w here  th e  m a n ip u la te d  
v a r i a b l e  h a s  l i m i t s ,  i f  th e  new v a lu e  i s  o u t s id e  th e  a llo w e d  
ra n g e  th e  c a l c u l a t e d  v a lu e  i s  r e p la c e d  b y  th e  l i m i t .  H ow ever,
f o r  th e  a lg o r i th m  to  w ork a t  th e  n e x t  s a m p lin g  t im e ,  a  p se u d o ­
e r r o r  s i g n a l  d e te rm in e d  b y  s o lv in g  e q u a t io n  A 1.16  f o r  w i th  : 
r e p la c e d  by  th e  l i m i t .  T h is  c a l c u l a t e d  v a lu e  o f  E^ i s  s t o r e d  
and  u se d  f o r  f u r t h e r  c a l c u l a t i o n s .  The p ro c e d u re  w orks w e l l  
f o r  th e  c a s e  i n v e s t i g a t e d .
APPENDIX B
SUM OF ROWS AND COLUMNS OF 
RELATIVE GAIN MATRIX EQUAL ONE
APPENDIX B 
SUM OF ROWS AND COLUMNS OF 
RELATIVE GAIN MATRIX EQUAL ONE
An im p o r ta n t  f e a t u r e  o f  th e  r e l a t i v e  g a in  m a tr ix  i s  t h a t  
th e  sum o f  an y  row o r  colum n i s  e q u a l  to  o n e . M a tr ix  a lg e b r a  
w i l l  show t h a t  t h i s  i s  t r u e  f o r  any  s y s te m . F o r  ex am p le , th e  
sy s te m  e q u a t io n s  f o r  a  p ro c e s s  w i th  t h r e e  in p u t s  and  th r e e  
o u tp u ts  may b e  w r i t t e n  a s
c = A M (A 2 .1 )
w h ere
c = sy s te m  o u tp u t ,  c o n t r o l l e d  v a r i a b l e s  
M = sy s te m  i n p u t ,  m a n ip u la te d  v a r i a b l e s  
A = sy s te m  m a tr ix  r e p r e s e n t in g  sy s te m  e q u a t io n s
T hese e q u a t io n s  may b e  l i n e a r i z e d  a ro u n d  an  o p e r a t in g  p o in t  and  
th e  p ro c e s s  e q u a t io n s  b e  w r i t t e n  a s
dC i = Au dM1 +  A12d ^  + A13dM3
d °2  ‘  A21dMl  +  A22dM2 +  A23dM3
dC3 = A31dM1 +  A32dM2 +  A33dM, (A2.2 )
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dC = A dM (A 2 .3 )
w here
dC = ch an g e s  from  o p e r a t in g  p o in t  o f  o u tp u t  
dM = ch an g es  from  o p e r a t in g  p o in t  o f  in p u t  
A = a  c o n s ta n t  3 x 3  m a tr ix
By a p p ly in g  th e  d e f i n i t i o n  o f  t h e  open  lo o p  o r  s te a d y  s t a t e  g a i n s ,  
th e  M m a tr ix  ca n  r e a d i l y  b e  w r i t t e n  a s
M =
dC,
dC2
dM^
dCg
dM1
dCl dCt
dM2 dM^
M M .
dC2 d c 2
dR^ dMj
M M
dC3 dC3
M dM2 M
dMj
M
M
M (A 2.4 )
From a n  e x a m in a t io n  o f  th e  sy s te m  e q u a t io n s  and  a l s o  th e  d e f i n i t i o n
f o r  th e  s te a d y  s t a t e  g a i n s ,  i t  c a n  b e  s e e n  t h a t  th e  p a r t i a l
d e r i v a t i v e s  may b e  r e p la c e d  b y  th e  e le m e n ts  o f  th e  A m a tr ix .  The
f i r s t  sy s te m  e q u a t io n  c a n  b e  u s e d  to  s o lv e  f o r  th e  f i r s t  e le m e n t
o f  th e  M m a t r ix  w h ich  i s  d e f in e d  aa  d<^ l . S in c e
dM.
M
dCl  -  A11 dMX +  A12 dM2 +  A13 dM3 (A2.5)
and  ^ 2  and  b e in g  c o n s t a n t  im p ly  dHr, and  dM^ e q u a l z e r o  so  
t h a t  dC^ = A ^  dM^ o r
dCx
dM^ = A,
^**3
11
(A 2 .6 )
L ik e w is e ,  th e  re m a in d e r  o f  th e  M m a t r ix  i s  g iv e n  by
M = A11 A12 A13
A21 A22 A23
A31 A32 A33
(A 2.7 )
S in c e  t h i s  m a t r ix  i s  a  c o n s t a n t ,  th e  r e l a t i v e  g a in  m a tr ix  w i l l  
a l s o  b e  c o n s ta n t  and  i s  c a l c u l a t e d  d i r e c t l y  from  th e  above 
e q u a t io n s  w h ich  a r e  t h e  open  lo o p  g a i n s .  The c lo s e d  lo o p  g a in s  
c a n  b e  c a l c u l a t e d  fro m  th e  sy s te m  e q u a t io n s  by  m eans o f  C ra m e r 's  
R u le . R e a r r a n g in g ,
M Am = Ac (A 2 .8 )
The g a in  o f  eac h  c o n t r o l l e d  v a r i a b l e  c a n  b e  found  b y  h o ld in g  th e  
o th e r  two o u tp u ts  c o n s t a n t ,  s e t t i n g  AC2  and  Ac^ e q u a l  t o  z e r o .
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A p p ly in g  C ra m e r 's  R u le  t o  th e  t h r e e  sy s te m  e q u a t io n s  an d  s o lv in g  fo r  
Am^> and y i e l d  th e  c lo s e d  lo o p  g a in s  f o r  c ^ .  F o r ex am p le ,
A ^/A w ^
o r
l  c 2 ' (
i s  found  by th e  fo l lo w in g  s e r i e s  o f  o p e r a t io n s :
Am  ^ =
Ac-j
m .
APi^  = ACj^ A 12 A13
d e t 0 A 2 2 A23
0 A32 A33_
A1 1 A 12 A13
d e t A21 A2 2 A23
t " 3 1
A32 A33
Ac1<A22A33 A23A3 2 )
det(M )
det(M )
A22A3
-  A A 
3 23 32
c 2 , c 3
(A 2 .9)
w h ere  th e  d e te rm in a n t  o f  M i s  w r i t t e n  a s
det(M ) -  An A2 2 A3 3 -  ^ ^ 3^ 2 “ A2 1 A12A3 3 + ^ ^ 1 3 ^ 2
+  A3 lA12A23“ A31A13A22 (A 2.10)
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S im i l a r l y  th e  re m a in d e r  o f  t h e  c lo s e d  lo o p  g a in s  c a n  be  o b ta in e d  
and  th e  e n t i r e  a r r a y  i s  g iv e n  a s
Am- Am0
Acn
Ac,
Ac,
det(M )
A22A33_A23A32
det(M )
A13A3 2 -A12A33
det(M )
A12A23"A13A22
det(M )
A23A3 l ” A21A33
det(M )
A11A33”A13A31
det(M )
A13A2 l" A23Al l
d e t  (M)
A21A3 2 “ A22A31
d e t  (M)
A12A3 l" Al l A32
det(M )
A A -A A 
11 22 A12 21
The r e l a t i v e  g a in  m a tr ix  i s  d e te rm in e d  b y  d iv i d in g  th e  M m a tr ix  
o f  e q u a t io n  A 2 .7 te rm  b y  te rm  b y  th e  m a tr ix  g iv e n  a b o v e .
A11 ^ A22A33~A23A32^ A12 ^A23A3 l" A21A33^ A13 ^A21A32~A22A31‘)
d e t(M ) d e t  (M) det(M )
X  = A2 1 (A13A32"A12A3 3 ) A22 A^11A33~AT3A31') A2 3 (A12A3 l" Al l A3 2 l
det(M ) det(M ) det(M )
A3 1 (A12A2 3 _A13A22 A3 2 (A13A2 l" A23Al l ) A3 3 (A11A22"A12A21
d e t  (M) d e t  (M) d e t  (M)
I n s p e c t i o n  o f  t h i s  a r r a y  a lo n g  w i th  th e  d e f i n i t i o n  o f  th e  d e t e r ­
m in an t o f  M le a d s  t o  th e  p ro o f  t h a t  th e  sum o f  a n y  row o r  any  colum n 
e q u a ls  o n e .
APPENDIX c 
USING CHESS ON THE SIGMA 5
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I n t r o d u c t io n
T h is  s e c t i o n  i s  w r i t t e n  t o  b e  a  u s e r ' s  g u id e  f o r  th o s e  d e s i r i n g  
t o  r u n  CHESS on th e  XDS-Sigma 5 co m p u ter w i th  o n ly  20 K c o re  
s to r a g e  a v a i l a b l e .  B ecau se  CHESS w as d e s ig n e d  t o  ru n  on much 
l a r g e r  co m p u te r c o n f i g u r a t i o n s ,  many ch an g e s  had  t o  b e  made to  
d e c r e a s e  th e  memory n e c e s s a r y  f o r  e x e c u t io n .  A lth o u g h  th e  b a s ic  
CHESS c o n c e p t re m a in s  i n  t h i s  v e r s i o n ,  a  number o f  th e  o p t io n s  
and  f l e x i b i l i t i e s  o f. th e  o r i g i n a l  p ack ag e  a r e  no lo n g e r  a v a i l a b l e .  
T h is  w i l l  b e  th e . o b j e c t i v e  o f  t h i s  s e c t i o n ,  to  l i s t  and e x p la in  
th e  ch a n g e s  im p le m e n te d . F o r  t h i s  r e a s o n  i t  sh o u ld  b e  c o n s id e re d  
an  a p p e n d ix  o f  th e  CHESS sy s te m  g u id e  an d  j u s e d  o n ly  a f t e r  a  b a s ic  
u n d e r s ta n d in g  o f  th e  o r i g i n a l  v e r s io n  h a s  b e e n  o b ta in e d .  The 
o r i g i n a l  v e r s io n  w i l l  b e  c o n s id e r e d  th e  l a s t  c o n f ig u r a t io n  
s u g g e s te d  by  th e  U n iv e r s i t y  o f  H o u s to n , in c lu d in g  a l l  ch an g e s  
and  c o r r e c t i o n s  IL sted  i n  th e  n e w le t t e r s  th ro u g h  F e b ru a ry  1971 . 
S y s tem  D e s c r ip t i o n
S in c e  th e  CHESS sy s te m  i s  com posed o f  a  number o f  su b ­
p rog ram s o r  m odules ( e x e c u t iv e  p rogram s and  s u p p o r t in g  
f u n c t i o n s ) , a  l i s t  o f  th e  ch an g e s  made in  some o f  th e s e  m odules 
w i l l  b e  l i s t e d .
MAIN: The c a l l i n g  p ro g ram  f o r  th e  new v e r s io n  has  b een  m o d if ie d
b e c a u se  e x e c u t in g  a n  o v e r l a i d  p rog ram  i s  s l i g h t l y  d i f f e r e n t  on 
th e  Sigm a 5 th a n  on th e  IBM 3 6 0 . F i r s t ,  a l l  common b lo c k s  n eed ed
f o r  th e  sy s te m  h av e  b e e n  p la c e d  i n  M IN . A lth o u g h  t h i s  i s  l e s s  
e f f i c i e n t  a s  f a r  a s  s to r a g e  l o c a t i o n s ,  lo a d in g  i s  s im p i f i e d .
I n  segm en ted  p ro g ra m s , l a b e le d  common b lo c k s  a r e  a l l o c a t e d  in  
th e  segm ent i n  w h ich  th e y  a r e  f i r s t  d e f in e d .  As th e  segm en ts  a r e  
r e a d  i n  and  o u t o f  c o re  d u r in g  e x e c u t io n ,  th e  a l l o c a t e d  s to r a g e  
i s  e r a s e d  u n le s s  s p e c i a l  s t e p s  a r e  t a k e n .  I n  o th e r  w o rd s , when 
a  segm en t i s  rem oved fro m  c o r e  and  th e n  r e a d  b a c k  i n ,  a l l  l a b e le d  
common t h a t  d id  n o t  re m a in  i n  c o r e  w i l l  b e  z e r o e d .  F o r t h i s  
r e a s o n ,  th e  p la c in g  o f  a l l  conmon b lo c k s  i n  MAIN, w h ich  i s  in  
th e  r o o t  segm ent an d  a lw ay s  p r e s e n t  i n  c o r e ,  w as t h o u g h t . t o  be  
th e  e a s i e s t  a p p ro a c h .  O th e r ch an g e s  i n  MAIN in c lu d e  th e  c a l l  
s t a t e m e n t s  f o r  th e  n eed e d  o v e r la y  s e g m e n ts . T hese  s ta te m e n ts  
a r e  o f  th e  fo rm  CALL SEGLQD(I) w h ere  I  i s  th e  d e s i r e d  seg m en t. 
T h ese  s ta te m e n ts  w i l l  b e  d i s c u s s e d  i n  m ore d e t a i l  i n  th e  s e c t i o n  
d e s c r ib i n g  o v e r la y in g  on th e  Sigm a 5 .
DREAD: DREAD i n  th e  o r i g i n a l  v e r s io n  i s  r e a l l y  a  s e t  o f  su b ­
r o u t i n e s  d e s ig n e d  t o  r e a d  an d  i n t e r p r e t  th e  in p u t  d a ta  s u p p l ie d  
b y  th e  u s e r  t o  r u n  a  p a r t i c u l a r  p ro b le m . T h e re  w ere  two form s 
o f  i n p u t :  n a m e l is t  d a t a  and  f r e e - f o r m  d a t a .  S in c e  n a m e l is t
d a ta  i s  e a s i l y  u n d e r s to o d  and  u s e d  and  a l s o  r e q u i r e s  a  few er 
num ber o f  s to r a g e  l o c a t i o n s ,  i t  w as d e c id e d  t o  d e l e t e  th e  f r e e ­
fo rm  i n t e r p r e t e r .  A lth o u g h  t h i s  e l im i n a t e s  some o f  th e  f l e x i b i l i t y  
o f  th e  o r i g i n a l  s y s te m , i t  d o e s  n o t  r e d u c e  any  o f  th e  sy s te m  
c a p a b i l i t i e s .  O m ission  o f  t h e  f r e e - f o r m  i n t e r p r e t e r  a l lo w s  th e
d e l e t i o n  o f  s u b r o u t in e s  INCR, INTNUM, NUM, RBLN and  RELNUM. A n o th e r  
ch an g e  i n  DREAD i s  i n  th e  n a m e l is t  r e a d  s ta t e m e n t .  The norm al 
F o r t r a n  IV r e a d  s ta te m e n t  i s  o f  th e  fo rm  READ( 5 ,XYZ) w h ere  XYZ 
i s  a  n a m e l i s t  t i t l e  d e f in e d  b y  NAM ELIST/XYZ/l,J,X( 2 ,3 ) .  The 
in p u t  d a t a  m u st b e  o f  th e  fo rm
XYZ I  = 1 ,  J  = 2 ,  X (2 ,3 )  = 4 . 0 ,  & END
When a  r e a d  n a m e l i s t  s ta te m e n t  i s  e n c o u n te r e d ,  th e  m ach ine w i l l  
r e a d  th ro u g h  th e  d a t a  c a r d s  u n t i l  th e  r e f e r e n c e d  name (XYZ) i s  
r e a d .  I t  th e n  r e a d s  a l l  in f o r m a t io n  u n t i l  th e  &END s ta te m e n t  i s  
p r o c e s s e d .  (S ee  F o r t r a n  IV m anual f o r  c o m p le te  d e t a i l s ) . The 
Sigm a 5 h a n d le s  n a m e l is t  d a t a  s l i g h t l y  d i f f e r e n t .  A lth o u g h  no 
n a m e l i s t  t i t l e s  a r e  d e f in e d  a s  i n  F o r t r a n  IV , a l l  v a r i a b l e s  t o  
b e  r e a d  i n  th ro u g h  a  n a m e l i s t  c a l l  m ust b e  so  d e s ig n a te d  by 
m eans o f  a  s ta t e m e n t  o f  th e  fo rm  NAMELIST I , J , X ( 2 , 3 ) .  The r e a d  
s ta t e m e n t  i s  s im p ly  I n p u t ( 5 )  w h ere  5 d e n o te s  th e  c a rd  r e a d e r ,  and  
t h e  m ach ine  th a n  r e a d s  a l l  in p u t  in f o r m a t io n  u n t i l  an  a s t e r i s k  
(* )  i s  e n c o u n te r e d .  T h is  d i f f e r e n c e  f o r c e s  th e  u s e r  to  b e  aw are 
o f  th e  fo rm  an d  o r d e r  o f  th e  d a ta  b u t  i t  i s  no r e a l  p ro b lem . 
H ow ever, t h e s e  a r e  two m a jo r  r e s t r i c t i o n s  o f  th e  Sigma 5 
c o m p ile r  t h a t  l i m i t s  th e  e f f e c t i v e n e s s  o f  n a m e l is t  i n p u t .  F i r s t ,  
no a lp h a n u m e r ic  in f o r m a t io n  c a n  b e  r e a d  w i th  th e  in p u t  s ta t e m e n t .  
T h is  a f f e c t s  d i r e c t l y  th e  e n t e r i n g  o f  eq u ip m en t m odule names and
e x t e r n a l  names i n  th e  KPM m a t r ix .  I n  o r d e r  t o  o b ta in  th e  
c o r r e c t  nam ing o f  e q u ip m e n t, a  code number i s  u se d  i n s t e a d  o f  th e  
a lp h a n u m e ric  nam e. The fo l lo w in g  co d e  num bers a r e  e n te r e d  i n  
th e  n a m e l is t  d a t a .
E qu ipm en t Name Code Number
D iv id e r  1
D i s t i l l a t i o n  Column 2
M ix er 3
A d ia b a t ic  F la s h  U n it  4
R e a c to r  5
V a lv e  6
H e a t E x ch an g er 7
Pump 8
A b so rb e r  9
M u l t i s t a g e  E q u i l ib r iu m  U n it  10 
F i r e d  H e a te r  11
The code  number w i l l  a p p e a r  i n  th e  seco n d  p o s i t i o n  o f  th e  KPM 
m a tr ix  i n  p la c e  o f  th e  a c t u a l  eq u ip m en t nam e. I n  a d d i t i o n ,  th e  
e x t e r n a l  name w i l l  a u t o m a t i c a l ly  b e  s e t  e q u a l  t o  th e  eq u ip m en t 
name and  i t s  p o s i t i o n  i n  th e  in p u t  a r r a y  h a s  b een  d e l e t e d ,  
d e c r e a s in g  th e  s i z e  o f  th e  KPM m a tr ix  from  10 to  9 . F o r 
ex am p le , i f  a  pump i s  d e s i r e d ,  th e  u s e r  w ou ld  w r i t e
KPM16 = 1 6 , 8 ,  4 0 , - 1 5 , 0 , 0 , 0 , 0 , 0 ,
I n s te a d  o f
KPM16 -  1 6 , ’ PUMP1, 'P - 2 ' ,  4 0 , - 1 5 ,5 * 0 ,
I n  th e  above  exam ple th e  seco n d  r e s t r i c t i o n  o f  th e  Sigm a 5 
c o m p ile r  c a n  b e  s e e n .  B ecause  th e  a s t e r i s k  d e n o te s  end o f  
d a t a  s e t ,  i t  c a n n o t b e  u se d  to  d e n o te  r e p e a t i n g  d a t a .  I n  o rd e r  
t o  z e ro  th e  re m a in d e r  o f  an  in p u t  a r r a y ,  th e  c o r r e c t  n u n b e r o f  
z e ro s  h av e  to  b e  punched  on th e  d a t a  c a r d s .  T h is  i s  n o t  a s
c o n v e n ie n t  a s  th e  no rm al sy s te m  i n  w h ich  an  a s t e r i s k  and  in t e g e r
d e n o te s  th e  number o f  t im e s  a  v a lu e  i s  t o  b e  e n te r e d  c o n s e c u t iv e ly  
i n  a  d a ta  s e t .  F o r e x a m p le , i f  th e  v a r i a b l e  A i s  d im en s io n ed  a s  
A (10) and  i t  i s  d e s i r e d  t o  s e t  th e  f i r s t  v a lu e  t o  5 .0  and th e
r e s t  t o  z e r o ,  th e  d a t a  f o r  th e  tw o sy s te m s  w ould  lo o k  l i k e  th e
fo l lo w in g :
O r ig in a l  S y stem  A = 5 . 0 ,  9*0
Sigm a 5 A = 5 .0 ,0 . , 0 . , 0 . , 0 . , 0 . , 0 . , 0 . , 0 . , 0 .
As ca n  b e  s e e n  f o r  l a r g e  a r r a y s  th e  seco n d  m ethod becom es q u i t e
t e d io u s .  The l a t e s t  v e r s io n  o f  th e  Sigm a 5 c o m p ile r  i s  s l i g h t l y
l a r g e r  th a n  th e  one p r e s e n t  when t h i s  w ork  b e g a n . F o r  t h i s  r e a s o n  
a n o th e r  m o d i f i c a t io n  h ad  t o  b e  im p lem en ted  t o  e n a b le  DREADl to  
c o m p ile  . DREADl i s  a  v e ry  l a r g e  and  com plex  s u b r o u t in e  w h ich  
c o n t r o l s  th e  a c t u a l  r e a d in g  and  a s s e m b lin g  o f  in p u t  d a t a .
B ecause  th e  new c o m p ile r  w as n o t  a b le  t o  h a n d le  th e  e n t i r e  
s u b r o u t in e ,  DREADl w as e s s e n t i a l l y  d iv id e d  i n  h a l f .  The f i r s t  
h a l f  o f  th e  in p u t  w as p ro c e s s e d  by  DREADl w h ile  th e  seco n d  h a l f  was 
c o n t r o l l e d  by  th e  DREAD s u b r o u t in e .  NAMELIST v a r i a b l e s  had  to  
b e  d e f in e d  p r o p e r ly  w i th  th e  l a s t  s e c t i o n  o f  c a rd s  i n  th e  DREADl 
s u b r o u t in e  s w itc h e d  to  th e  end  o f  th e  DREAD r o u t i n e .  T h is  r e v i s i o n  
i s  s im p ly  a  s h i f t i n g  o f  c a r d s  i n  o rd e r  t o  r e a l l o c a t e  sp a c e  so  
t h a t  th e  p ro g ram  w i l l  f i t  i n t o  memory.
DPRINT, TPRINT: T h ese  two s u b r o u t in e s  c o n t r o l  th e  o u tp u t  f o r  th e
s y s te m . DPRINT w i l l  p r i n t  t h e  in p u t  d a ta  a lo n g  w i th  th e  p h y s ic a l  
c o n f i g u r a t i o n  f o r  th e  p ro b le m . TPRINT c o n t r o l s  th e  p r i n t o u t  f o r  
th e  c o m p o s i t io n  an d  c o n d i t io n s  o f  a l l  p ro c e s s  s t r e a m s .  I n  th e  
o r i g i n a l  v e r s io n  th e  u s e r  c o u ld  s p e c i f y  a  v a r i a b l e  NPFREQ w hich  
p e r m i t t e d  a  p r in t o u  t  o f  t h e  in t e r m e d ia te  r e s u l t s . T h is  o p t io n  
h a s  b e e n  d e l e t e d  i n  th e  m o d if ie d  v e r s io n  due t o  p ro b lem s i n  
o v e r l a y in g .  H ow ever, th e  same e f f e c t  c a n  b e  o b ta in e d  by  d e c re a s in g  
th e  num ber o f  r e c y c l e  lo o p s  f o r  a  p ro b lem  r u n .  A f t e r  th e  s p e c i f i e d  
num ber o f  lo o p s  th e  p ro g ram  w i l l  p r i n t  o u t  th e  f i n a l  r e s u l t s .
The p ro b lem  c a n  th e n  b e '* r e s ta r t e d  fro m  i t s  p r e s e n t  p o s i t i o n  by 
i n s e r t i n g  a  NOCLEAN c a rd  w i th  no a d d i t i o n a l  d a t a .  T h i s ,  i n  
e f f e c t ,  p e rm i ts  th e  u s e r  to  o b ta in  in te r m e d ia te  s tre a m  in fo rm a tio n  
ev en  th o u g h  th e  sy s te m  h a s  n o t  c o n v e rg e d . A lso  i n  th e  o r i g i n a l  
CHESS p ro g ra m , DPRINT and  TPRINT w ere  two s e p a r a t e  s u b r o u t in e s .  
B ecause  o f  s to r a g e  c o n s id e r a t i o n s  th e y  h av e  b e e n  com bined i n t o
a s i n g l e  r o u t i n e ,  d e c r e a s in g  th e  t o t a l  am ount o f  s to r a g e  
r e q u i r e d .  I t  w i l l  b e  s e e n  l a t e r  t h a t  t h i s  p ro c e d u re  h a s  b een  
a p p l i e d  t o  o th e r  m o d u le s .
DCHECK: T h is  s u b r o u t in e  h a s  b e e n  c o m p le te ly  e l im in a te d  from
th e  s y s te m . I t s  s o le  p u rp o se  w as t o  do  c o n s is te n c y  and c l o s u r e  
t e s t s  on th e  p r o c e s s  m a tr ix  d a t a .  I t  i s  n o t  needed  i f  th e  d a t a  
i s  p r o p e r ly  e n te r e d  an d  ev en  i f  a n  e r r o r  h as  o c c u r re d  i t  c a n  b e  
fo u n d  from  a n  e x a m in a t io n  o f  th e  r e s u l t i n g  p r i n t o u t s  from  
DPRINT and TPRINT.
EQCALL: T h is  r o u t i n e  c a l l s  th e  n e c e s s a r y  equ ipm en t m o d u les .
B ecause  o f  th e  n a tu r e  o f  th e  o v e r la y  lo a d e r  f o r  th e  Sigma 5 ,  
i n d i v i d u a l  c a l l  s ta t e m e n t s  m ust b e  in c lu d e d  f o r  eac h  seg m en t.
I n  o th e r  w o rd s , when a n  eq u ip m en t m odule i s  d e s i r e d ,  th e  segm en t 
c o n ta in in g  t h a t  m odule m ust b e  c a l l e d  i n t o  c o re  by  means o f  a  
F o r t r a n  s ta te m e n t  o f  th e  fo rm  CALL SEGLOD(I) w h ere  I  i s  th e  
d e s i r e d  segm en t ( s e e  d i s c u s s io n  o f  p rog ram  o v e r la y in g  f o r  more 
d e t a i l s ) .  EQCALL i s  th e ^ o n ly  r o u t i n e  w h ich  r e f e r e n c e s  a l l  th e  
p r o c e s s  m o d u le s . I n  some p ro b lem s a l l  o f  th e  m odules a r e  n o t  
n eed ed  and  s to r a g e  c a n  b e  sav ed  b y  n o t  r e a d in g  them  o n to  th e  r a d .  
In  o r d e r  t o  e l im i n a te  a n  u n s a t i s f i e d  r e f e r e n c e  e r r o r  m essage i n  
th e s e  c a s e s ,  th e  c a l l  s ta te m e n ts  f o r  th e s e  m odules m ust b e  
rem oved from  EQCALL. T h ese  a r e  s p e c i a l  c a s e s ,  how ev er, and  
i t  w i l l  b e  assum ed t h a t  th e  sy s te m  i s  c a p a b le  o f  c a l l i n g  a l l  
th e  p ro c e s s  m o d u le s .
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TEST: The TEST su b p ro g ram  h a s  b e e n  re d u c e d  s u b s t a n t i a l l y .  I t
o r i g i n a l l y  had  two p u r p o s e s .  F i r s t ,  i t  ch eck ed  f o r  c o n v e rg e n ce  
o f  eac h  o f  th e  s tre a m s  d u r in g  th e  r e c y c l e  lo o p .  I f  th e  c o n d i t io n  
o f  eac h  s t r e a m  e q u a l le d  t o  th e  c o n d i t io n  o f  t h a t  s t r e a m  f o r  th e  
p r e v io u s  lo o p ,  e x e c u t io n  w as te rm in a te d  and  c o n v e rg e n c e  was 
o b ta in e d .  The seco n d  f u n c t i o n  o f  TEST w as t o  d e te rm in e  new 
s tr e a m  c o n d i t io n s  by  a p p ly in g  W e g s te in 's  a lg o r i th m  f o r  c o n v e r ­
g en ce  p ro m o tio n . I t  w as found  t h a t  t h i s  c o n v e rg e n c e  p ro m o tio n  
d id  n o t  a lw ay s  w ork  w e l l ,  c a u s in g  o s c i l l a t i o n s  i n  th e  r e s u l t s  
w hen a  l a r g e  number o f  com ponents w e re  p r e s e n t .  T h is  c o n v e rg e n ce  
p ro m o tio n  schem e w as d e l e t e d  fro m  th e  Sigm a 5 v e r s i o n ,  th u s  re d u c in g  
th e  s i z e  o f  t h e  TEST s u b r o u t in e  an d  th e  KE4 a r r a y .
S u p p o r t in g  P rogram s
A l l  equ ipm en t m odu les and  th e  therm odynam ic p ack ag e  w ere  
l e f t  a s  th e y  o r i g i n a l l y  a p p e a re d  w i th  th e  e x c e p t io n  o f  th e  d im e n s io n s  
o f  th e  common b lo c k s  w h ich  w i l l  b e  d i s c u s s e d  n e x t .  T hese d im en s io n  
ch an g es  made i t  n e c e s s a r y  t o  ch an g e  th e  l i m i t s  on some o f  the  DO 
lo o p s  i n  th e  s u p p o r t in g  p ro g ram s and  some o f  th e  a rg u m e n ts  i n  c a l l  
s t a t e m e n t s .  F o r exam ple ABS00190 w as changed  from  CALL ZERO 
(E Q R ,20 )to  CALL ZERO(EQR,10). S im i la r  ch an g e s  h ad  to  b e  made 
th ro u g h o u t th e  sy s te m . A num ber o f  ch an g es  had  t o  b e  made due to  
th e  i n s t a l l a t i o n  o f  th e  new c o m p i le r .  The a r e a  d e s ig n a te d  a s  
th e  FP a r e a  ( r a d  a r e a  w h ere  p ro g ram s a r e  s to r e d )  w as d e c re a s e d  by  
16 f i l e s .  T h is  r e d u c t i o n  o f  r a d  a r e a  w as c irc u m v e n te d  by
co m b in in g  a  num ber o£ s u b r o u t in e s ,  d e f in i n g  some a s  e n t r y  p o in t s  
in s t e a d  o f  c o m p le te  s u b r o u t in e s .  The common b lo c k s  f o r  eac h  o f  
th e  s u b r o u t in e s  w e re  com bined c a u s in g  a  more e f f i c i e n t  a l l o c a ­
t i o n  o f  FP a r e a .  T h is  c o m b in a tin n  o f  subp rog ram s w as a p p l ie d  
t o  th e  f o l lo w in g  m o d u le s :
HXER and FHTR 
ABSR and  DVDR 
MIXR and PUMP
T h ese  ch an g e s  e n a b le d  a l l  th e  n e c e s s a ry  s u b r o u t in e s  t o  f i t  i n t o  
th e  a v a i l a b l e  FP and  SP a r e a  w h ile  n o t  p ro d u c in g  any  p ro b lem s a s  
f a r  a s  sy s te m  c o n f i g u r a t i o n .  Of c o u r s e  th e  s e l e c t i o n  o f  w h ich  
p rog ram s t h a t  w e re  t o  b e  com bined w as made on t h e i r  p o s i t i o n  
i n  th e  c h o se n  o v e r la y  s t r u c t u r e  w h ich  w i l l  b e  d is c u s s e d  l a t e r .
The therm odynam ic p ack ag e  h a s  n o t  changed  and  i t s  l i m i t a t i o n s  
re m a in  th e  same a s  th o s e  s p e c i f i e d  i n  th e  m a n u a l.
D a ta  S t r u c t u r e s
P rob lem  in f o r m a t io n  f o r  s t r e a m  and  eq u ipm en t m a tr ic e s  i n  
CHESS i s  s t o r e d  i n  l a b e le d  common b lo c k s  and i s  a v a i l a b l e  
t o  a l l  p ro c e s s  m o d u le s . I n  o rd e r  t o  f i t  th e  e n t i r e  sy s te m  on 
th e  Sigm a 5 ,  th e  o r i g i n a l  d im e n s io n s  f o r  th e  d a ta  s t r u c t u r e s  w e re  
re d u c e d  b y  a p p ro x im a te ly  a  f a c t o r  o f  tw o . T h u s , th e  new
155
c a p a c i t y  f o r  th e  sy s te m  i s  l i m i t e d  t o :
1 . 50 p ro c e s s  s tre a m s
2 . 25 e q u ip m e n t nodes i n  th e  p r o c e s s  n e tw o rk
3 .  10 com ponents
4 .  4 s tre a m s  a t  e ac h  eq u ip m en t node (4 i n / 4  o u t)
In p u t  D a ta  S p e c i f i c a t i o n s
As w as m e n tio n ed  p r e v io u s l y ,  th e  s p e c i f y in g  o f  in p u t  d a t a  h as  
b e e n  changed  som ewhat due t o  th e  n a tu r e  o f  NAMELIST in p u t  on th e  
Sigm a 5 and  a l s o  b e c a u se  o f  t h e  d e c r e a s e  i n  th e  s i z e  o f  th e  d a ta  
b lo c k s .  The d a t a  f o r  a n  exam ple p ro b lem  w i l l  b e  p r e s e n te d  
l a t e r  i n  o r d e r  t o  show e x a c t ly  how th e  d a t a  i s  t o  b e  s p e c i f i e d .
A lth o u g h  th e  same c o n c e p t w i l l  b e  em ployed i n  th e  new v e r s i o n ,  th e r e
a r e  a  number o f  d i f f e r e n c e s .
The f i r s t  c a rd  r e a d  w i l l  b e  th e  same no m a t te r  w hat ty p e  o f 
p ro b lem  i s  t o  b e  e x e c u te d .  I t  w i l l  c o n t a in  t h e  w ords CLEAN,
NAMELIST i f  a  new p ro b lem  i s  t o  b e  ru n  w i th  a l l  d a t a  a r e a s  
i n i t i a l i z e d  t o  z e r o ,  o r  NOCLEAN,NAMELIST i n  w h ich  th e  d a t a  a r e a s  
a r e  p r e s e rv e d  and  th e  u s e r  may s p e c i f y  new eq u ipm en t p a ra m e te r  
v e c to r s  a n d /o r  s tre a m  d a ta  b u t  n o t  a  new p ro c e s s  c o n f i g u r a t i o n .
The seco n d  c a rd  m ust b e  a  t i t l e  c a r d .  I t  d o es  n o t  m a t te r  
w h at i s  w r i t t e n  on t h i s  c a rd  and i t s  c o n te n ts  w i l l  b e  p r i n t e d  o u t 
a s  a  t i t l e  w i th  a l l  o u tp u t  a s s o c i a t e d  w i th  t h a t  p a r t i c u l a r  r u n .
F o llo w in g  th e  t i t l e  c a rd  a r e  th e  d a ta  c a rd s  f o r  th e  s i x  
NAMELIST g ro u p s .  T h ese  g ro u p s ,  a l th o u g h  n o t r e f e r r e d  to  b y  name
a s  i n  th e  no rm al F o r t r a n  c o m p ile r ,  m u st a p p e a r  i n  th e  c o r r e c t  
o rd e r  and  each  i s  fo llo w e d  by an  a s t e r i s k  i n s t e a d  o f  th e  &END.
The ch an g e s  i n  th e  in p u t  a r r a y s  a r e  a s  f o l lo w s :
PMLIST: The e n t r y  f o r  th e  e x t e r n a l  eq u ip m en t name i n  th e  KPM
m a tr ix  h a s  b e e n  e l im in a te d  r e d u c in g  t h e  s i z e  o f  th e  v e c to r  from  
10 to  9 . A ls o ,  th e  e q u ip m en t m odule name w h ich  i s  th e  second  
e n t r y  o f  th e  KPMJ v e c t o r  h a s  b e e n  changed  t o  a  number code  ( s e e  
DREAD). The d im e n s io n  on COMPNT h a s  b e e n  d e c re a s e d  from  20 to  
10 and  th e  KOMNAM a r r a y  h a s  b e e n  d e c re a s e d  from  80 to  4 0 .
The v a r i a b l e  IPUNCH h a s  b e e n  d e l e t e d  e n t i r e l y  from  t h i s  NAMELIST 
g ro u p .
EQLIST: The s t r u c t u r e  f o r  th e  eq u ip m en t in p u t  d a t a  h a s  b een
unchanged  b u t  th e  maximum num ber o f  e q u ip m en t nodes h a s  become 
2 5 . T h u s , ENAME i s  d im e n s io n e d  25 in s t e a d  o f  50 and  th e r e  a r e  
o n ly  25 EQPJ v e c t o r s .
SEXLST: The t o t a l  num ber o f  s tre a m s  i s  l i m i t e d  t o  50 c a u s in g
th e  SNAME v e c t o r  t o  b e  ch an g e d  a c c o r d in g ly .  S in c e  th e  number 
o f  com ponents a v a i l a b l e  h a s  been  re d u c e d  to  10 , th e  e x te n s iv e  
p r o p e r ty  v e c t o r s  SEXJ m u st a l s o  b e  re d u c e d  b y  1 0 . Thus,* th e  
v e c t o r  i s  o f  s i z e  13 w i th  th e  same c o n v e n t io n  u s e d  a s  t h a t  i n  
th e  o r i g i n a l  v e r s io n .
SINLST: A g a in ; th e  SNAME v e c t o r  m ust b e  d e c re a s e d  i n  d im en s io n  to
50 e n t r i e s .  A ls o ,  th e  i n t e n s i v e  s tre a m  v e c t o r  SINJ h a s  b een  
re d u c e d  b y  d e l e t i n g  i t s  l a s t  f o u r  e n t r i e s .  B ecause  v i s c o s i t y ,
th e rm a l c o n d u c t i v i t y , and  c o m p r e s s i b i l i t y  f a c t o r s  f o r  th e  
l i q u i d  and  v a p o r  p h a se s  a r e  n o t  s u p p o r te d  In  th e  CHESS th e rm o ­
dynam ic p a c k a g e , th e y  a r e  o m it te d  i n  th e  c u r r e n t  sy s te m . The 
SIN J v e c to r s  a r e  o f  le n g th  6 w i th  th e  f o l lo w in g  o rd e r  o f  p r o p e r ­
t i e s :  s tre a m  num b ers , s t r e a m  f l a g ,  v a p o r  f r a c t i o n ,  t e m p e r a tu r e ,
p r e s s u r e ,  and  t o t a l  h e a t  c o n t e n t .
KELIST: The v a r i a b l e  NPFREQ and  KTRACE h a v e  b e e n  d e l e t e d  a s
h a s  b e e n  th e  KE4 m a t r ix  f o r  c o n v e rg e n c e  p ro m o tio n . A ls o ,  th e  
s i z e s  o f  th e  KE2 and KE3 a r r a y s  have  been  re d u c e d  to  25.
NSCOMP: T h is  NAMELIST g ro u p  h a s  b e e n  te m p o r a r i l y  rem oved from
th e  sy s te m  b e c a u s e  i t  w as n o t  n eed ed  i n  th e  p ro b lem s t o  b e  r u n .  
H ow ever, i f  d e s i r e d  i t  c o u ld  e a s i l y  b e  p la c e d  b a c k  i n t o  th e  
DREAD r o u t i n e .  S in c e  th e  v a r i a b l e s  t o  be  r e a d  a r e  a l r e a d y  
a s s ig n e d  sp a c e  i n  th e  common b lo c k s ,  th e y  w o u ld  o n ly  have  to  be 
d e f in e d  a s  NAMELIST v a r i a b l e s  and  th e  c o r r e s p o n d in g  r e a d  s t a t e ­
m en ts  a d d e d .
O p e ra tio n  o f  th e  Sigma 5
B ecause  t h i s  v e r s io n  o f  CHESS h a s  b e e n  d e s ig n e d  t o  ru n  
e x c l u s i v e ly  on th e  Sigma 5 ,  i t  i s  im p o r ta n t  t h a t  th e  u s e r  
b e  f a m i l i a r  w i th  th e  b a s i c  o p e r a t io n s  o f  th e  co m p u te r s o f tw a r e .  
I n  t h i s  way h e  w i l l  u n d e r s ta n d  th e  r e a s o n s  b e h in d  d i f f e r e n t  p ro ­
c e d u re s  a p p l ie d  to  CHESS and  b e  a b l e  t o  m o d ify  o r  a d a p t  f o r  any  
f u t u r e  s y s te m  c h a n g e s . T h e re  a r e  t h r e e  p r im a ry  o p e r a t io n s  t h a t  
w i l l  b e  d is c u s s e d  h e r e :  r e a l l o c a t i o n  o f  r a d  a r e a ,  r a d  e d i t i n g ,
.-•nd o v e r la y in g .
R e a l lo c a t io n  o f  Rad A rea
The Sigm a 5 i s  a  r a d - o r i e n t e d  m a c h in e . T h is  means t h a t  
p rogram s a r e  r e a d ,  c o m p ile d , and  lo a d e d  o n to  th e  r a d  b e f o r e  th e y  
a r e  t r a n s f e r r e d  i n t o  c o re  f o r  e x e c u t io n .  T hese t h r e e  o p e r a t io n s  
a r e  e s p e c i a l l y  c r i t i c a l  when l a r g e  p rog ram s a r e  t o  be  e x e c u te d .  
The r a d  i s  s u b d iv id e d  i n t o  a  num ber o f  d i f f e r e n t  a r e a s  each  
d e s ig n a te d  t o  p e r fo rm  c e r t a i n  o p e r a t i o n s .  The BT a r e a  i s  a  ty p e  
o f  I /O  u n i t  f o r  t h e  r a d  and  i s  a n  i n t e g r a l  p a r t  o f  e v e ry  p rog ram  
r u n .  The BT a r e a  i s  f u r t h e r  s u b d iv id e d  i n t o  th e  GO f i l e ,  th e  
OV f i l e ,  and  X^ f i l e s .  The GO f i l e  i s  t h a t  a r e a  i n  w h ich  a  
p rog ram  r e a d  i n  th ro u g h  th e  c a rd  r e a d e r  i s  co m p ile d  and  s t o r e d .
I t  i s  a  te m p o ra ry  s t o r a g e  l o c a t i o n  and  h o ld s  th e  co m p iled  
p ro g ram  u n t i l  th e  u s e r  t e l l s  th e  m ach ine  w h a t t o  do w i th  i t .
F o r s m a ll  jo b s  t h e  o v e r la y  lo a d e r  ta k e s  th e  c o m p iled  p rogram  from  
th e  GO f i l e  and  lo a d s  i t  i n t o  th e  OV f i l e .  The OV f i l e  i s  a  
c o re  im age an d  th e  u s e r  u s u a l l y  s p e c i f i e s  t h a t  th e  m achine ru n  
th e  OV f i l e  (!ROV) and  th e  p ro g ram  w i l l  b e  r e a d  i n t o  c o re  and  
e x e c u te d .  The o th e r  s e c t i o n  o f  th e  BT a r e a  i s  th e  X^ f i l e s  w h ich  
a r e  u se d  by  th e  o v e r la y  lo a d e r  i n  lo a d in g  th e  p rogram s f o r  e x e c u ­
t i o n .  The BT a r e a  i s  f ix e d  i n  s i z e  b y  th e  sy s te m  s o f tw a re  and  
c a n n o t b e  e a s i l y  ch an g ed  by  th e  u s e r .  L ik e w is e ,  th e  sy s tem  
s o f tw a re  a l s o  a l l o c a t e s  s to r a g e  f o r  e a c h  o f  th e  d i f f e r e n t  f i l e s  
w i th i n  th e  BT a r e a .
H ow ever, th e  u s e r  may r e a l l o c a t e  th e s e  f i l e s  t o  s u i t  h i s  p a r t i c u l a r  
p ro b lem  and  t h i s  w i l l  b e  done f o r  CHESS. B ecause th e  OV f i l e  m ust 
c o n t a in  th e  e n t i r e  lo a d e d  p ro g ra m , i t  m ust be. made e x tre m e ly  
l a r g e .  S in c e  th e  p ro g ram  w i l l  b e  o v e r l a id  t o  f i t  i n t o  c o r e ,  th e  
X^ f i l e s  w i l l  i n  t u r n  r e q u i r e  a  l a r g e  a r e a .  T h u s , v e ry  l i t t l e  
sp a c e  w i l l  re m a in  f o r  th e  GO f i l e  w h ich  w i l l  r e s t r i c t  th e  number o f  
c a r d s  t h a t  c a n  b e  r e a d  i n  th ro u g h  th e  c a rd  r e a d e r .  The a c t u a l  
a l l o c a t i n g  o f  th e  in d iv id u a l  f i l e s  i s  a  t r i a l - a n d - e r r o r  o p e r a t i o n .  
A l l  t h a t  th e  u s e r  i s  aw are  o f  i s  t h a t  th e  t o t a l  a r e a  m ust e q u a l  th e  
t o t a l  s i z e  o f  th e  BT a r e a .  The u s u a l  num ber o f  f i l e s  i n  th e s e  
a r e a s  a r e :
GO -  192 f i l e s  
OV = 192 f i l e s  
X^ = 96 f i l e s
The r e a l l o c a t i o n  o f  f i l e  s i z e s  i s  a c c o m p lish e d  w i th  c o n t r o l  
c a rd s  im m e d ia te ly  fo l lo w in g  th e  jo b  c a r d .  The GO and  OV f i l e s  
m ust b e  d e f in e d  f i r s t  and  th e  s i x  X^ f i l e s  s p e c i f i e d  b e f o r e  
jo b  lo a d in g .  The c o n t r o l  c a r d s  f o r  r e a l l o c a t i o n  o f  th e  BT a r e a  
f o r  CHESS a r e  g iv e n  b e low :
!ALLOBT(FILE,G0), (FORMAT,B), (FSIZ E , 3 0 ) , (R SIZE,30) 
tALLOBT(FILE ,0 V ), (FSIZ E ,312 )
!ALL0BT(FILE ,X l)  , (FSIZE,0),SAV E 
! ALLOBT(FILE,X2), {FSIZE,1 1 5 )
IA 1L0BT(FILE,X 3), (F S IZ E ,10)
!A 1L0BT(FILE,X 4), (FSIZ E ,1 0 )
IALLOBT(FILE,X5), (F S IZ E ,10)
IA1L0BT(FILE,X6) , (F S IZ E ,0 ) ,SAVE
T h ere  a r e  tw o o th e r  d i s t i n c t  a r e a s  o f  th e  r a d ,  th e  FP a r e a  and 
th e  SP a r e a .  B oth  a r e a s  a r e  d e s ig n a te d  a s  p e rm an en t s to r a g e  
l o c a t i o n s .  A l l  system ; p ro g ram s su ch  a s  th e  F o r t r a n  c o m p ile r , 
o v e r la y  lo a d e r ,  sy s te m  m o n i to r ,  an d  sy s te m  l i b r a r y  a r e  lo c a te d  
in  th e  SP a r e a .  I n  th e  FP a r e a  a r e  s to r e d  u s e r  l i b r a r y  r o u t i n e s  
su ch  a s  th e  h y b r id  l i b r a r y .  B ecau se  th e  GO f i l e  i s  l im i t e d  
r e s t r i c t i n g  th e  num ber o f  c a r d s  t h a t  c a n  b e  r e a d ,  th e  CHESS 
s u b r o u t in e s  h av e  t o  b e  p e rm a n e n tly  s to r e d  in  th e  m ach ine . The 
FP and  SP a r e a s  a r e  th e  o n ly  p la c e s  l a r g e  enough to  b e  a b le  t o  
h a n d le  th e  t a s k .  S im i la r  t o  th e  BT a r e a ,  th e  FP a r e a  h a s  b een  
a s s ig n e d  a  f i n i t e  num ber o f  f i l e s  o r  s to r a g e  l o c a t io n s  by  th e  
sy s te m  s o f tw a r e .  The h y b r id  r o u t i n e s  occupy  a  s m a ll  p o r t io n  
o f  t h i s  a r e a ,  le a v in g  enough  room  f o r  th e  CHESS p ro g ra m s .
R ead in g  and  s t o r i n g  p ro g ram s i n t o  t h i s  a r e a  w i l l  b e  d is c u s s e d  
in  r a d  e d i t i n g .
Rad E d i t in g
Rad e d i t i n g  i s  th e  o p e r a t i o n  o f  r e a d in g  p rogram s o n to  th e  
r a d  f o r  l a t e r  u s e  o t  o f  d e l e t i n g  p ro g ram s a l r e a d y  s to r e d  t h e r e .
I n  many c a s e s  e f f i c i e n t  u s e  o f  th e  Sigm a 5 w ou ld  r e q u i r e  t h a t  r a d  
e d i t i n g  b e  em p lo y ed . F o r  e x a m p le , i f  e v e ry  tim e  a  h y b r id  p rogram
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w e re  t o  b e  r u n ,  a l l  h y b r id  s u b r o u t in e s  h ad  to  b e  r e a d  I n  th ro u g h  
th e  c a rd  r e a d e r ,  much tim e  w ou ld  b e  w a s te d .  I n s te a d  th e s e  
r o u t i n e s  a r e  l o c a t e d  i n  th e  FP a r e a  a n d  when th e y  a r e  c a l l e d  from  
a  s o u rc e  p ro g ra m ,th e y  a r e  im m e d ia te ly  a v a i l a b l e  t o  th e  u s e r  
p ro g ram . L ik e w is e ,  e ac h  segm en t o f  th e  CHESS p rog ram  ca n  b e  s to r e d  
i n  th e  FP a r e a ,  h a v in g  t o  b e  r e a d  i n  o n ly  o n c e . W ith  th e  p ro p e r  
c o n t r o l  c a r d s  th e  o v e r la y  lo a d e r  i s  t o l d  t o  l o c a t e  and  r e t r i e v e  
th e  CHESS seg m en ts  from  t h a t  a r e a  when th e  p ro g ram  i s  lo a d e d .
E ven th o u g h  t h i s  i s  p e rm an en t s t o r a g e ,  i f  a  c o r r e c t i o n  h a s  to  
b e  made i n  a  p a r t i c u l a r  se g m e n t, t h a t  segm en t i s  d e l e t e d ,  th e  
e r r o r  c o r r e c t e d ,  and  th e  segm en t p la c e d  b a c k  i n  th e  same 
l o c a t i o n .  E ach  se g m e n t, w h ich  may c o n s i s t  o f  one one o r  more 
s u b r o u t i n e s , i s  i d e n t i f i e d  b y  a  l a b e l  o r  name a s  d e f in e d  by th e  
u s e r .  The r a d  e d i t i n g  p ro c e d u re  i s  q u i t e  s im p le .  F i r s t ,  th e  
a r e a  i s  u s u a l l y  mapped i n  o r d e r  t o  f in d  o u t  how many program s 
a r e  a l r e a d y  s to r e d  th e r e  and  how much sp a c e  th e y  r e q u i r e .  T h is  
i s  a c c o m p lish e d  w i th  th e  c o n t r o l  c a r d s :
1 JOB 
! ATTEND 
IRADEDIT 
!TRUNCATE FP 
!SQUEEZE FP 
IMAP FP 
I FIN
162
The f i r s t  two c a r d s  t e l l  th e  m ach ine t h a t  a n  o p e r a t io n  on th e  
r a d  I s  g o in g  to  f o l lo w .  The n e x t  c a rd s  w i l l  c a u s e  th e  a r e a  t o  
a r r a n g e  I t s e l f  I n  th e  m ost e f f i c i e n t  m anner. As th e  c a rd s  
s u g g e s t ,  th e  p rog ram s r e s i d i n g  t h e r e  a r e  sq u eeze d  i n  o rd e r  to  
r e l e a s e  a s  much sp a c e  a s  p o s s i b l e  f o r  o th e r  p ro g ra m s . The p rog ram s 
a r e  s to r e d  on th e  r a d  one b e h in d  th e  o th e r  l i s t e d  from  low f i l e  
num bers t o  h ig h  f i l e  n u m b ers . I f  a  p rogram  i n  th e  lo w er f i l e s  
i s  d e l e t e d ,  t h e r e  m ust b e  some p r o v i s io n  f o r  s h i f t i n g  a l l  th e  
o th e r  p rogram s down t o  make m ore room  a t  th e  h ig h  e n d . T h is  i s  
th e  f u n c t io n  o f  th e  t r u n c a t e  and  sq u e e z e  c a r d s .  The map c a rd  
w i l l  c a u s e  th e  p r i n t i n g  o u t o f  a l l  p rogram s lo c a te d  i n  t h a t  a r e a  
w i th  th e  f i l e  num bers on w h ich  th e y  b e g in  and  e n d . T h is  e n a b le s  
th e  u s e r  to  d e te rm in e  how many f i l e s  a r e  a v a i l a b l e  f o r  o th e r  
p ro g ra m s . The u s e r  a f t e r  d e c id in g  t h a t  h i s  p ro g ram  w i l l  f i t  i n t o  
th e  FP a r e a  em ploys th e  f o l lo w in g  p ro c e d u re  t o  r e a d  h i s  p ro g ram  
i n t o  t h a t  a r e a :
! JOB
IFQRTRANH GO
FORTRAN DECK 
! ATTEND 
IRADEDIT
:A1L0T(FILE,FP,EXAMP), (FORMAT B ) , (F S IZ E ,1 0 0 ) ,(R S IZ E ,30) 
:C0PY(FILE,BT,GO) , (FILE,FP,EXAMP)
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The f i r s t  two c a r d s  an d  th e  s o u rc e  p rog ram  a r e  re a d  i n t o  th e  
GO f i l e  j u s t  a s  an y  o th e r  p ro g ram  t h a t  i s  to  b e  r u n .  The n e x t  two 
c a r d s  a l lo w  a  r a d  o p e r a t io n  to  b e  p e rfo rm e d  ( r e l e a s e s  memory 
p r o t e c t ) . The f i f t h  c o n t r o l  c a rd  w i l l  a l l o t  a  f i l e  i n  t h e  FP 
a r e a  c a l l e d  EXAMP t h a t  w i l l  r e s i d e  w i th i n  th e  sp a c e  o f  100 f i l e s .  
I f  th e  num ber o f  f i l e s  r e q u e s te d  by  th e  u s e r  i s  n o t  a v a i l a b l e  
i n  th e  FP a r e a ,  a  r a d  o v e r f le w  m essag e  w i l l  o c c u r .  The copy 
c a r d  w i l l  t r a n s f e r  th e  c o n te n ts  o f  th e  GO f i l e  ( s o u rc e  p rogram ) 
i n t o  th e  f i l e  l a b e l e d  EXAMP. The su b p ro g ram  i s  now lo c a te d  
p e rm a n e n tly  i n  th e  FP a r e a  u n d e r  th e  name EXAMP. A good te c h n iq u e  
when r a d  e d i t i n g  i s  t o  r e a d  th e  t r u n c a t e ,  s q u e e z e ,  and map c a rd s  
a f t e r  th e  p ro g ram  h a s  b een  c o p ie d  o n to  th e  r a d .  T h is  r e l e a s e s  
any  f i l e s  t h a t  w e re  a l l o t e d  f o r  EXAMP b u t  n o t  u s e d .  T h is  w i l l  
o f t e n  o c c u r  b e c a u se  th e  FSIZE e n t r y  h a s  to  b e  g r e a t e r  t o  o r  e q u a l 
t o  th e  num ber o f  f i l e s  r e q u i r e d  b y  th e  p ro g ram . I f  FSIZE i s  
u n d e r s p e c i f i e d ,  a n  e r r o r  m essag e  w i l l  r e s u l t  and  th e  f i l e  w i l l  
re m a in  u n c h a n g e d . I n  t h i s  c a s e  th e  f i l e  (EXAMP) h a s  t o  b e  d e l e te d  
and  th e n  r e a l l o c a t e d  w i th  a  l a r g e r  f i l e  s i z e .  I n  o rd e r  t o  d e l e t e  
a  f i l e ,  th e  c a rd
:DELETE(FILE, F P , EXAMP)
a lo n g  w i th  th e  a t t e n d  and  r a d e d i t  c a rd s  w i l l  d e l e t e  p rogram  EXAMP. 
A g a in , th e  t r u n c a t e ,  s q u e e z e ,  and map sh o u ld  b e  ru n  th ro u g h  to  
com pact th e  a r e a  and  r e c o v e r '. th o s e  f i l e s  p r e v io u s ly  a l l o t t e d .
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O v e r la y in g
The o n ly  p u rp o se  o f  o v e r la y in g  a  p ro g ra m  i s  to  d e c r e a s e  th e  
am oun t o f  c o re  s to r a g e  n e c e s s a ry  f o r  e x e c u t io n .  I n s te a d  o f  
r e a d in g  an  e n t i r e  p ro g ram  i n t o  memory, an  o v e r l a i d  p ro g ram  i s  
e x e c u te d  i n  p a r t s  c a l l e d  se g m e n ts . The p ro g ram  i s  a s se m b le d  o r  
lo a d e d  on th e  ra d  by  th e  o v e r la y  lo a d e r  w h ich  c o n n e c ts  th e  d i f f e r e n t  
segm en ts  to g e th e r  a s  s p e c i f i e d  by  th e  u s e r .  The sy s te m  s o f tw a re  
w i l l  th e n  r e a d  th e  seg m en ts  i n t o  c o r e  from  th e  r a d  a s  th e y  a r e  
c a l l e d  f o r  by th e  r o o t  segm ent ( o r  any  o th e r  segm ent t h a t  i s  i n  
c o re  a t  t h a t  t i m e ) . The r o o t  segm ent i s  t h a t  p a r t  o f  t h e  p ro g ram  
th a t  i s  a lw ay s  lo c a te d  i n  c o r e .  S in c e  th e  m ain  p ro g ram  m ust 
rem a in  i n  c o re  a t  a l l  t im e s  ( t h e r e  i s  no  p r o v i s io n  f o r  c a l l i n g  
th e  m ain  p ro g ran  from  any s u b r o u t i n e ) , i t  i s  a lw ay s p a r t  o f  th e  
r o o t .  H ow ever, t h e  r o o t  m ig h t c o n t a in  a  num ber o f  o th e r  
s u b r o u t in e s .  B ecau se  i t  r e q u i r e s  tim e  t o  r e a d  seg m en ts  i n t o  c o re  
from  th e  r a d ,  i t  w ould  b e  ■ d e s ira b le  to  h av e  a s  few  seg m en ts  a s  
p o s s i b l e .  A ls o , a s  th e  num ber o f  seg m en ts  i n c r e a s e s ,  so  d o es  th e  
num ber o f f i l e s  u se d  by th e  o v e r la y  lo a d e r .  T h u s, th e  i d e a l  
c a s e  w ould  have  o n ly  one segm ent w h ich  w ould  be  i n  c o r e  a t  a l l  
t im e s .  H ow ever, CHESS i s  to o  l a r g e  f o r  o r d in a r y  e x e c u t io n  on 
th e  Sigm a 5 and  i t  m u st be  segm en ted  and  e x e c u te d  i n  p a r t s .  The 
f i r s t  s t e p  i n  o v e r la y in g  a  p rogram  i s  to  draw  a  f lo w  d ia g ra m  o r  
t r e e  w hich  c o n ta in s  a l l  th e  s u b r o u t in e s  and  d e s c r ib e s  how th e y  
a r e  in te r c o n n e c t e d .  The a p p e a ra n c e  o f  t h i s  t r e e  w i l l  b e  d e t e r ­
m ined by th e  c a l l i n g  seq u en ce  o f  th e  p ro g ram  o r  how th e  s u b ­
r o u t i n e s  c a l l  eac h  o t h e r .  T h is  w i l l  d i c t a t e  how th e  p ro g ram
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c a n  be  seg m en ted . C o n s id e r  th e  f o l lo w in g  exam ple :
1 . MAIN p ro g ram  c a l l s  s u b r o u t in e s  A and  B
2 . A and B do n o t  r e f e r e n c e  e a c h  o t h e r .
T h is  p rog ram  c o u ld  be  r e p r e s e n t e d  by th e  fo l lo w in g  t r e e s :
MAIN A B‘ 1 -
A
MAIN Segm ent 1
R oot B
Segm ent 2
I n  th e  f i r s t  d ia g ra m  a l l  t h r e e  s u b r o u t in e s  a r e  lo a d e d  i n t o  
memory a t  one t im e .  The le n g th s  o f  th e  U nes m ig h t r e p r e s e n t  
th e  am ount o f  memory r e q u i r e d  f o r  e a c h  r o u t i n e .  I n  th e  second  
dLagram, A and  B a r e  n o t  i n  c o r e  s to r a g e  a t  th e  same tim e  and  t h i s  
c o n f ig u r a t io n  w i l l  r e q u i r e  l e s s  c o r e  s t o r a g e .  H ow ever, b e c a u se  
th e y  a r e  n o t  i n  c o re  a t  th e  same tim e  th e y  c a n n o t c a l l  e a c h  o t h e r .  
A ls o , any  d a t a  com puted  i n  a  segm en t i s  d e s t r o y e d  when t h a t  s e g ­
m ent i s  rem oved from  c o r e .  Any in f o r m a t io n  t h a t  i s  to  b e  sav ed  
m ust b e  p ic k e d  up  th ro u g h  a rg u m e n ts  o f  a  c a l l  s ta te m e n t  o r  i n  
common b lo c k s .  I n  t h i s  ex am p le , th e  r o o t  w ould  h av e  to  r e t r i e v e  
t h i s  d a t a  b e c a u se  i t  i s  th e  o n ly  segm en t p r e s e n t  w ith  b o th  A 
and B. A f lo w  d ia g ra m  f o r  CHESS t o  d e te rm in e  w h ich  s u b r o u t in e s  
c a l l e d  w hich  and  a  t r e e  was draw n ( s e e  F ig u re  A 3 .1 ) .  T h ere  w ere 
num erous c o n f ig u r a t io n s  p o s s i b l e  and  i t  h ad  to  be  d e te rm in e d  w h ich  
was th e  m ost e f f i c i e n t .  The p ro g ram  had to  be d i v i d e d  to  make 
a s  few seg m en ts  a s  p o s s i b l e  and  s t i l l  b e  a b le  to  f i t  i n t o  th e
a v a i l a b l e  c o r e .  I t  h a s  t o  be  rem em bered t h a t  th e  l o n g e s t  
l e g ,  t h a t  i s  th e  le n g th  from  th e  r o o t  th ro u g h  th e  b ra n c h e s  
o f  th e  t r e e  i n  th e  lo n g e s t  r o u t e ,  h a s  t o  r e q u i r e  l e s s  sp a c e  
th a n  th a t  a v a i l a b l e  i n  c o r e .  F o r  ex am p le , i n  th e  c o n f ig u r a t io n  
A E
MAIN B D
tl4
th e  s u b r o u t in e s  MAIN, B , C , and F w i l l  a l l  b e  p r e s e n t  i n  memory 
a t  one tim e  and  th e y  h av e  to  r e q u i r e  few er s to r a g e  lo c a t i o n s  th a n  
t h a t  a v a i l a b l e  i n  c o r e .  As e x p la in e d  p r e v io u s l y ,  a l l  common 
b lo c k s  w ere  p la c e d  i n  th e  r o o t  w h ich  s i m p l i f i e d  d a t a  t r a n s f e r .
No s p e c i a l  s t e p s  h ad  to  b e  ta k e n  to  make s u r e  t h a t  th e  d a t a  
b lo c k s  w ere  r e a d  i n  and  o u t  o f  c o re  c o r r e c t l y .  A f t e r  a  c o n ­
f i g u r a t i o n  was d e c id e d  upon two ty p e s  o f  c o n t r o l  c a r d s  w ere  
n e e d e d . The f i r s t  i s  u s e d  by th e  o v e r la y  lo a d e r  and  i t  t e l l s  
th e  lo a d e r  w here  t o  f i n d  a  p a r t i c u l a r  segm ent and  th e n  w here 
t o  p la c e  i t  when lo a d in g .  CHESS p ro g ram s w i l l  be lo c a te d  i n  two 
a r e a s .  The r o o t  seg m en t w i l l  b e  r e a d  i n  by  m eans o f  th e  c a rd  
r e a d e r  and  i s  found  i n  th e  GO f i l e .  A l l  o th e r  seg m en ts  w i l l  b e  
s to r e d  p e rm a n e n tly  i n  th e  FP and SP a r e a  o f  th e  r a d .  I n  summary, 
a  CHESS p ro g ram  o n ly  th e  r o o t  w i l l  h av e  to  be r e a d  i n  e v e ry  t im e . 
The c o n t r o l  c a r d s  f o r  c o n n e c t in g  o r  l i n k in g  th e  segm en ts  a r e  
p la c e d  im m e d ia te ly  a f t e r  th e  OLOAD c a r d .  The f i r s t  c a rd
:ROOT(FILE,BT,GO,2)
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t e l l s  th e  lo a d e r  t h a t  th e  p rog ram  r o o t  i s  fo u n d  i n  th e  GO f i l e  
o f  th e  BT a r e a  and  i t  w i l l  c o n s i s t  o f  tw o su b p ro g ram s. The r o o t  
i s  a u t o m a t i c a l l y  a s s ig n e d  a s  segm en t z e ro  by  th e  lo a d e r .  The 
re m a in d e r  o f  th e  c o n t r o l  c a r d s  f o r  lo a d in g  a r e  o f  th e  form :
SEG(LINK,2 0 ,0NT0, 1 ) , (FILE ,FP,C H ESS!,2 )
T h is  c a r d  i n s t r u c t s  th e  lo a d e r  t o  r e t r i e v e  th e  two s u b r o u t in e s  
l a b e le d  CHESS1 lo c a t e d  i n  th e  FP a r e a  and  to  d e f in e  them  a s
segm ent 20 and  to  l i n k  them  o n to  segm en t 1 . The num bers a s s ig n e d
to  e a c h  segm en t a r e  a r b i t r a r i l y  s e l e c t e d  by th e  u s e r  a f t e r  d e c id in g  
on th e  sy s te m  c o n f i g u r a t i o n .  The num bers a r e  th e  m ethod by  w hich  
th e  o v e r la y  lo a d e r  k e e p s  t r a c k  o f  th e  d i f f e r e n t  seg m en ts . I n s p e c ­
t i o n  o f  th e  c o m p le te  l i s t  o f  c o n t r o l  c a r d s  and  p rog ram  t r e e  l i s t e d  
i n  th e  a p p e n d ix  w i l l  a i d  th e  u s e r  in  u n d e r s ta n d in g  th e s e  m achine 
i n s t r u c t i o n s .  Upon c o m p le tio n  o f  lo a d in g ,  a l l  CHESS p rogram s w i l l  
be  l i n k e d  to g e th e r  p r o p e r ly  i n  th e  OV f i l e  and  e x e c u t io n  w i l l  b e g in .  
The o th e r  s o f tw a re  command u se d  i n  o v e r la y in g  i s  a  F o r t r a n  s ta te m e n t 
lo c a te d  i n  th e  s o u rc e  d e c k . The p u rp o s e  o f  t h i s  command i s  to
re a d  th e  n e c e s s a r y  seg m en ts  i n t o  memory. T h is  s ta te m e n t  i s  o f
th e  fo rm
CALL SEGLOD(I)
w h ere  I  i s  th e  num ber o f  th e  segm ent n e e d e d  i n  c o r e .  I f  th e  
u s e r  h a s  seg m en ted  and  l in k e d  h i s  p rogram  p r o p e r ly ,  he has  o n ly  
t o  i n s e r t  th e s e  c a l l  s ta t e m e n ts  i n t o  h i s  s o u rc e  d eck  
b e f o r e  e x e c u t io n  o f  a  s u b r o u t in e  c a l l .  I n  o th e r  w o rd s , i f  
a  p ro g ram  i s  e x e c u t in g  and  a  sb b p ro g ram  i s  r e f e r e n c e d  t h a t  i s  
lo c a te d  i n  a  segm ent n o t  r e s i d i n g  i n  c o r e ,  th e  c a l l  SEGLOD 
m u st b e  i n s e r t e d  t o  c a l l  t h a t  segm en t i n t o  c o r e .  I f  a  r e f e r e n c e  
i s  made to  a  segm en t a l r e a d y  i n  c o r e ,  a n o th e r  c a l l  SEGLOD i s  
u n n e c e s s a r y .  A u s e f u l  t o o l  i n  d eb u g g in g  and  u n d e r s ta n d in g  
o v e r lo a d  p ro g ram s i s  th e  p ro g ram  m ap. I f  r e q u e s te d ,  
th e  m ach in e  w i l l  . p r i n t  o u t  in f o r m a t io n :o n  th e  s i z e  o f  a l l  s e g ­
m e n ts ,  how th e y  a r e  c o n n e c te d ,  how th e y  a r e  p o s i t i o n e d  i n  c o r e ,  
and  a l l  r e f e r e n c e s  made b y  e a c h . The map i s  a l s o  in v a lu a b le  i n  
c a s e s  w here  t h e r e  a r e  num erous p o s s i b i l i t i e s  o f  how one sh o u ld  
d iv i d e  o r  segm en t a  p ro g ram . The p u rp o se  o f  any  o f  th e  o th e r  
c o n t r o l  c a r d s  u s e d  i n  ru n n in g  th e  CHESS sy s te m  on th e  Sigm a 5 
ca n  b e  fo u n d  i n  th e  r e f e r e n c e  m anual f o r  th e  m a ch in e .
SCAN, TEST, EQUIP, INIT
SUI 
MAIN ZERO
5SET,EQCALL, RECYCLE,ADBF,KHZT
SEGMENT 18 
HXER, FHTR, VALV, DIST
SEGMENT 10 SEGMENT 27 
ABSR.MKR ,REAC ,DVDR ,PUMP ,MSEQ
SEGMENT 16
R oot 0
DREAD jDREADl, PACK,CLEAN,EQPRNT,TRANSF, COMP ID,TPRINT
SEGMENT 2
FP o r  SP a r e a  name
Segm ent 10 CSKHZT 
2 CSREAD 
18 CSSCAN 
16 CSPROl 
27 CSHXER
F ig u re  A 3 .1 . O v erlay  s t r u c t u r e  f o r  CHESS on th e  Sigma 5 .
APPENDIX D 
COMPUTER PROGRAMS
o 
o 
o 
n 
o
PR9GRAM THAT uSFS SFViSITlVrTY r«FFp T r l  FnjTS 
T9 UPDATE M0DEL A\0 SESP9NRES cf>R 
SEVERAL DIFFERENT C ^ jTRQL TFCHmIQJf S
BL9C.K DATA
C9M'-1d'>i /P'..'SCH/Xf!P, Jj A3> VR, RH0B. TWIV* VT*RH9Tj CP, W, DE| XKC.VA/  
•C A IM jTRi NPT
DATA XCP/1 • 0 / i U / l « 2 5 / / A 0 / 2 r » O * O / ,  V 3 / 8 « 6 A / j R H 9 8 / 6 2 .  A/ , TWIM/ 8f } . 0 / j
1 V T / 1 3 « 3 8 / f R H 9 T / p 5 « 0 / i r P / 0 . 9 / # W / 7 3 * 5 / # D E L H M / l 2 0 0 0 » 0 / /
2 XKC/3.33E 0 8 / i XA/ UOOO. 0 / . CAI M/ 0• 5 9 7 5 / * TR/ P05 . 3 1 /
FND
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COMMON ZT ( 250 ) > ZT'J ( 2BJ > # 7.X" ( 2Sr )
COMMONi /PJSCH/XCP# J j Aa#Vf?^H8B.TWTN.VTiRH3T,CP/^»DEl HM, <KC, VA/ 
*CAIN* TRjMPT 
DIMENSION XAX( 1 ) / YAX1 ( 3 ) j YaX 2 U )
D l MENSIf)N B u r ( lOOO)
DATA XAX/'TIME1/ / YAX1 ( 1 ) / »RFAC' / t YAX1(R>/ 'T9R » / f YAX1( 3 ) / 'TEMP'/  
DATA YAX2(1 ) / ' WATF' / . YAXR( ? ) / ’ o FL* / . YAX2( 3 ) / ' fiN R ' /
DATA YA < 2 ( 4 ) / » A T E ' /
CALL PL3TS(BUFilOOO)
CALL PID 
ZXM(NPT+l)«0.
ZXM(NPT+2) *20*
ZTLnPTM>®0.
ZT( NPT+2) ®2«
ZTP(NPT+i )*222*
ZTP( NPT+2) a2»
PR I NT 10
10 FORMAT( l H O/ l OX i ' ID CONTROLLER RESULTS**' / )
PR I NT 13
13 FORMAT( 2 X j ' NPT' , 6 Xj 1TI ME 1j AXj : TFMP » ,» 3X*'WATER RT»)
NPP-NPT+2 
D02 I«1,N*PP 
2 PRINT1*I*ZT CI) / ZTP( I ) / ZXM{ 7)
CALL P L 8 T ( 0 . j O«j - 3 )
CALL AXI S ( 0 . # 0 * # Y aX1, 12# 5 . * 9 0 . j ZTP( mPT+1)#ZTP(MPT+?))
CALL AX I S ( O. / Ot / XAX. - A,  5 . #0*. ZT(MPT + l ) i ZT( NPT + ? > )
CALL PLrtT(0•> 5 * / 3 )
CALL PLOT( 5 • j 5 • .* 2 )
CALL pL 0 T ( 5 . , C j . , 2 )
CALL P L 9 T( O. / Ot , 3 )
CALL FLINE(ZT/ZTP#MPT*1#0#D)
CALL P L 9 T ( 8 . , C . , - 3 >
CALL A X I S ( 0 . , 0 . , Y A X 2 . 1 5 /  5 .  , DO. * ZXm ( nd T + 1 ) * 7.XM ( NPT + p ) )
CALL A X I S ( 0 . , C » , X A X , - 4 /  5 • , 0 . t 7T( NPT + I ) >ZT( NPT + R))
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< < <c < < c (D » - X 03 a. X X y - H - i— 1 - ir  c d OC 0 . <d  c r  < t < < < h- 1— >— j - x
i_j o u u u U  D  N  N  U Z  M I M N N N N D . U . CL Z O CL VJ u  u u CJ ISi 1^ 3 INI tvj
in ro
PRI'lT 12
FORMAT ( 1H0, 10X/ ' * * R E" V SI T I */ T T Y r ^ f r l :  
PR I NT 13 
NlPPaNPT +•?
034 I »1,  \ lpP
PR I \'T1, I , ZT ( I ) ,  7.TP ( I ) ,Z*M( r )
F9RMAT(IX, IS>,3FJ0.3J
CALL FL;NF(ZT,ZTP,NIPT,  1 , 0 . n)
CALL PLOT< 8 * , C * , * 3 )
CALL LlME(ZT,ZXM,MPT,1 , 0 , 0 )
CALL PLOT( * . , 0 . , - 3 )
CALL P L B T ( C . , 0 * , 9 9 9 )
STOP
END
IE.NlTS And ORT»/)
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CALL PL0T( O. #fc*f +^)
CALL P L 8 T ( 5 . #&• , +?)
CALL P L f t T ( 5 . , 0 « , + 2 >
CALL P L 8 T ( 0 . # 0 . , + 3 )
CALL FLlNiE(PT^pTP^PT* 1/0*  ■">) 
CALL PLftT(8*#C*, -3)
IF ( XDAV I S «LT *0*5)fi9Tft31 
CALL PL 3T(0 * i 0 • / 9 9 9 )
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PROGRAM TO CALCULATE £0NTF?»l LTr? CONSTANTS 
WITH MATRIX PICaTTI Jr-SUATlftM
P * cP#K**g*TAU*"*2 
OlMEMST0\iLE.SS TIME"
negative: f e e d b a c<
DIMENSION Q ( 3 * 3 ) * A ( 3 * 3 ) * B ( 3 ) * R ( 3 * 3 ) * aT( 3 * 3 )
DIMENSION C l ( 3 * 3 )  j C P ( 3 * 3 ) * r 3 ( 3 . 3 ) * r . 4 ( 3 * 3 ) # C 5 ( 3 * 3 )
DIMENSION FR(3* 3)* YU( 1 5 0 )
DIMENSION P T ( 5 0 0 ) , P x i ( 5 0 0 )
DIMENSION XKCk ( 5 0 0 )  j XTIOTOOO)  , XTDftT ( 5 00 )  * TOT All ( 5 00  )
DIMENSION BUF(5000)
DIMENSION 8 RD O ) * A 3 (P )
DIMENSION AB2(3)*0RDpC1 ) ,8 RD3 (?) *0RDA( 2)
DATA 9RD/ ’ RESPQsiSE ' / .  AB/ » TT ME/tAU ' /
DATA AB 2/ 'T HETA /T AU' / *e RD2 / ' KK r' / /OR D3/ 'T I / TAU» / . 0RDA / , TD/TAU'/
INTEGRATION 9F MATRIX RlCATTl fgijation
CALL ERRSET(207 ,900 . E*1)
TAU»1•
GAIn »1*
D IS T * 1 •
A0UM«0»
XLAST=0.
DAX IS°01  
CLA5T-0.  
s< = 0 .
P.K-2.
s n = o . B
R T I - l * 7 b
STD=C.
192
BTD»0*5
Xl ^IN»»0«25
Xl^AX-l*
98 CSNTINUE 
61 READ33#Pi XFIN 
33 F0RMAT( 2F1Q« 2)  
THETA«0p05 
CLAST»1.
K|PT»0 
63 CSNTINUE
n p t *n p t + i
THETA*THETA+0.05 
r a t i b » t heta / tau 
6A CSNTINUE 
D 8 2 I » 1 j 3 
B d ) * 0 .
D82J*1/  3
C ( I t J ) « 0 *
2 A d » J ) » 0 .
0 ( l i  1 )  * 1 •
C8*THETa/ 2. /TAU  
A (1 # 2)  * 1 • 
A ( l i 3 ) « - 1 .
A( 2 / 1 ) » - l * / C 8  
A < 2 , 2 ) = - ( C 8 + 1 * ) / C 8  
A ( 2 i 3 ) « ( ? . + C 8 ) / r , 8  
N»3 
Ms 1
D BA  I a  1 / 3  
f58Aj*l# 3 
P  ( I p J ) *  0  •
A A T ( I / J ) s A{j ,T )
VOU>
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CALL PLOT( 8 - / 0 . , - 3 )
CALL FLINE <T6TA..'/XTI0T#NPT. 1 / 0 . 0 )  
CALL PLf i T<8»/ 0* / *3)
CALL FLINJE ( T9TAJ/XTOflT/NPT, 1 / 0 . 0 )  
CALL P L f ) T ( - 1 6 . / 0 . / - 3 )  
IF(XFIM,GT»C.5)30T98«  
fiOTP61
88 CONTINUE
CALL P L O T ! 2 S . / 0 . / - 3 )
CALL P L Q T ( 0 . / 0 . / 9 9 9 )
89 F8RMAK 1X/2FP0.A)
90 STOP
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PR03RAM TO DETFRMTNF RFSP0nSFS 9F
^ULT I VA!< I ABLF SYSTEM FgR Sf VERaI. CflNT'?ft|. SCHFMrS
DIMENSION ODYAl ( 60 )  ,D:)YA2(60)#PnYDt ( 6 0 )  ,QDYD2(60)
DIMENSION XPTS(FiOO) , YPT3( 5 0 0 ) # VYPTq( 5 0 0 ) # 7 ° T S ( ROD) > 77PTS ( 500)  
O l MEN3l0N BUF(lOOO)
DATA XAXlS/^TIYF’ / i Y A X l S / ' Y l ' / . Y Y A Y l S / ’ Y a V / Z A X T S / ' F ' / j Z Z A X T S / ’ T V  
DATA TAUAF/?*C/* TA'JDF/ 2 . 0 / jTA i i AT /  A . Q/ ,  TAUQT/4* 0 / / YASS/2 . 0 0 5 E - 0 5 /  
DATA YDSS/O• 4 3 5 0 0 / # F S S / 1 8 • r ) / j T P S / 8 0 0 . / # X K A F / 2 t 5 E « 0 8 /
DATA X K A T / - 2 « 5 E . 0 9 / # X < D F / 2 . 0 5 E - 0 2 / » X i< 0 T / - ? « 2 3 F . 0 3 /
DATA OEADAF/0*1/#DEA0DF/0*1/#Df ADAT/0»2/#0EADDT/0*2/
DATA RGY AF / 12 t4 / #R G YA T /- 11 . 4 / # PG Y 0F / - 1 1 . 4 /# R GY D T/ 1 2 , 4 /
ITYPE * 1 EQUALS Yl C9NTR0LI FD vITH FL0W
ITYPE * 2 EQUALS Y2 CRNTRBLl FD wTTH Tf MP
ITYPE ■ 3 EQUALS Both L00PS C8NtR0L( ED
ITYPE ■ 4 EQUALS Change I n FLOW VARIABLE INT9 SS nECftUPLFR
ITYPE 8 5 EGUALS CHANGE IN TFMP VARIABLE INTO SS DECOUPLER
ITYPE ■ 6 EQUALS CHANGE IN FL0W WITH DYNAMIC CftlJPl FR
ITYPe « 7 e q u a l s  c h a n g e  In t fmp w i t h  dynamic  cruPi er  
ITYPE * S EQUALS Yl CftNTRfiLl FD WITH FL9W WITH DYNaMIT DECOUPLER
ITYPE a 9 EQUALS Y2 C0NTR9LI FD WITH TFMP WITH DYNAMIC Df C0I.JPL.ER
ITYPE *10 B8TH L90PS C9NTR9I LED W!Th DYNAMIC DFCOIJPLf R
CALL PL0TS(BUFj 1000)
CALL FACTOR( 0 • 6 )
REFYD*0.3 
REFYA»*199E-04 
YlMIN*• 19SE-C4  
Y1MAX*.203E-0A 
Y2MIN*•25  
Y2MAX*•5  
f m i n »o «
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T
-trO
n
00o
L H ^ K - e n n n H M M O O O  o  
it m r - r o ^ c i r o * - * * — c c - c x x x  
o  £  3  n  B  (J) D H X  JE <  O Ou  fc_-c -< —j o  o  m m m roII « Q >  B • • « <  -< II II # ■
H U C f l W C  C  > 0 0  0  C O
LO tf) ( / ) ( / )  '  • « « • • • «01 CD O O
C7m
z z Z z X 0  0 a o o o -4 OX X -< X U o o o o c c m m c tC7 0 3> O x ~< -< < -1 XI »-»>-» ro ro i-» • 0  c? :> O H 0a H n H X »—• 0O O 0 O A A zm m m m A Tv A A a > n  *-<> > > > w ►- —1
0 0 0 0 D a B u V. 4c 0 X
0 0 > > O O 0  O X fT’ 0-n —» -* ~n * • • « 0 *c 0  m\ \ \ \ 0 CD IIX X X X —1 c l-»+ + + + 1 X *• • • m x  r~ >-*
0 0 0 O A n
0 0 0 O > XS
0 0 0 O H
0 0 0 O * O<-» l-» t-» X
Tv Z U Ci)
•n 3
♦—«
>
H
-P
XJ
661
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O
Q
T
sX
V
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•G
»M
U
i
•C
D
T=
*
7 AU^sTAjAT 
TAJHsTAjAF 
T A J 3 * T A J A r 
DO^YAL = w  
DU^YDLsJ.
C8YPUG.
C 0 Y P 2 * C .
PR I MTSliITYPE 
81 F0RMAK1H1/1OX/»** CASE NUMBER ' * 13*'  * * ' )
PRINT95# REFYAj Rf FYD 
95  FORMAT( l O X i 1 SET P Q I N T S ' j 2 E P 0 . 5 / / )
IF <ITYPE.LE.3)  10TB51 
PR INT83# DET
83 FORMAT!10X>* DECOUPLFR GAIn DEmOMIn ATOR ■ ' / E 2 0 . 5 / / )
51 CONTINUE
C CONTROLLER PAIRED CORRECTLY WITH Nr INTERACTION COMPrNSATlON 
C ABSORBER 6VHD CBNTROLLFD WITH OIL FLOW 
C DIST 8VHD CONTROLLED WITH FhTr TE^P
CYAG*Q« 859/XKAF*( DEADAF/TAl l AF) # * ( • • 9 7 7 )  
CYDG*.859/XKDT*(DEADDT/TAUnT)**(-«q77)  
RTIYA«0.674 /TAJAF*(DFADAF/TAUAc ) * * ( * , 6 8 )  
RTIYD«*67A/TAUDT*(DEADDT/TAIJ0T>#*(. .68)
IF(ITYPE*LE.5)  38T950
CYAG*•81
RTIYAS 15• 882?
CYDG«2.17 
RTIYD3 *252 
50 PRlMT30iCYAGiPTTYAiCYDGiRTTYD
30 FORMAT( IX# f CONTROLLER CONSTANT*; ’ / / I X #  ’ FFED FLOW ' » 5X. 2F?0 .  4 / / #  IX/  
IfFHTR TEMP' # 5X# ?F 20 *4 / / >
PR I NT I
1 FORMAT(sX# 'TIMEWBX, » Yl ' # InXi ' Y2* >10X# ’ FLOW*# 1 OX, ' Tf MP' # IDy , 'COST* 
* / / )
PR INT2#TIMF#Y1 # Y2#PLOW,TEMP#COqT
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